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  Novel Multifunctional Fire and Smoke Retardants for Engineering Polymers 
Abstract: 
The aims of this project were to develop non-halogenated, non-toxic and environmentally benign 
synthetic inorganic compounds capable of imparting flame retardant and/or synergistic activity 
with selected conventional flame retardants to selected engineering polymer systems.  
 
Following a comprehensive literature survey with specific focus centred upon the degradation and 
fire retardancy of polyamide 6,6 (PA66), an initial study of the effect of several metal oxalates on 
the burn rate of impregnated cotton in combination with sources of bromine and phosphorus was 
performed, with some promising synergistic activity detected with the former. 
 
Following this, a matrix of potential non-toxic inorganic flame retardant candidates (FRCs) was 
devised from a range of non-toxic, water-soluble precursors.  And 180 FRCs were successfully 
synthesised and a cursory characterisation was conducted using X-Ray Fluorescence (XRF). These 
were screened for potential flame retardant properties with polyamide 6,6 (PA66) as a suitable 
engineering polymer. PA66 pellets were powdered and mixed with each FRC in 3:1 mass ratio, 
and subjected to simultaneous differential thermal analysis/thermogravimetric analysis 
(TGA/DTA), to which a range of selection parameters were applied, assessing their stability and 
char-forming potential. All FRCs which did not conform to these conditions were eliminated, 
reducing the number to 60. Differential mass analysis was performed on TGAs of the 60 FRCs to 
better define their char promotion potential in PA66, thereby  narrowing these down to 16 
samples: aluminium, zinc and tin (II) tungstates (AlW, ZnW and SnW respectively); zinc molybdate 
(ZnMo); iron aluminate (FeAl); iron (III) hypophosphite (FeHP); zinc oxalate (ZnOx); three stannic 
metal nitrite complexes (SnMNO where M = Mn, Cu or Zn), tin (II) oxide (SnO), hydrogenphosphite 
(SnH2PO3), triphosphate (SnTP) and phenylphosphonate (SnPhPO3); and tin (IV) silicate (SnSi). 
 
The 16 selected were synthesised on a larger scale and fully characterised, of which 6 were 
discounted due to difficulties in synthesis scaling, or characterisation. The final 10 FRCs were 
selected for small-scale fire testing in PA66 (at 5 wt%), using UL94, LOI and cone calorimetry with 
additional analysis provided by TGA/DTA. All samples were prepared by melt compounding, 
during which two of the samples (ZnMo and FeHP) displayed erroneous activity during processing 
and so were eliminated. 
 
The remaining 8 FRCs had little effect on PA66 LOI performance with only two samples (AlW and 
SnW) marginally improving UL94 performance. All samples reduced cone peak heat release rate 
(PHRR) to levels ranging from 70 % (ZnW) to 53 % (FeAl) compared to the PA66 control. Two FRCs 
(SnPhPO3 and SnH2PO3) incorporated at a higher level (10 wt%) showed improved performance 
iv 
although insufficient for achieving acceptable levels of flame retardancy. Further studies were 
undertaken to test potential synergism of the FRCs with several phosphorus- and bromine-
containing flame retardants. 
 
Combinations of 3 phosphorus-containing  flame retardants (PFRs) with each of  the 4 FRCs, FeAl, 
AlW, SnW and ZnW were studied.  A degree of synergy with AlW and SnW combined with 
aluminium phosphinate (AlPi) was observed and for SnW with a combination of AlPi with 
melamine polyphosphate (MPP) with respect to UL94 and LOI performance. A moderate 
reduction in cone PHRR was observed for all FRCs combined with AlPi, and a significant reduction 
for all with AlPi/MPP. AlW, SnW and ZnW combined with MPP showed moderate improvements 
in UL94 and LOI and slight reductions in PHRR relative to the MPP control. These results indicate a 
degree of synergism of several FRCs with PFRs, the greatest effect being observed with the 
combined vapour and condensed-phase active AlPi/MPP. 
 
Two polymeric brominated flame retardants (BrFRs) were selected: brominated polystyrene, 
(BrPS) and poly(pentabromopolybenzl acrylate (BrPBz), and were compounded with AlW, ZnW 
and SnW into PA66. AlW displayed significant antagonism with both BrFRs while SnW and ZnW 
both showed promising improvements in terms of UL94 and LOI performance and significant 
reductions in cone-derived PHRR values. These results were replicated at various differing Sn:Br 
and Zn: Br molar ratios.  
 
Mechanisms of action of AlW, SnW and ZnW were studied with both PFRs and BrFRs using TGA-
FTIR and analysis of cone-derived chars. Based on the detailed analysis, the inherent action of 
these tungstates alone was proposed to be condensed phase,  Lewis-acid catalysed cross-linking 
of PA66), thereby promoting the formation of char, whereas any vapour phase activity for the 
FRCs such as SnPhPO3 and SnH2PO3 could originate from volatilisation of either phosphorus or 
metal (Sn, Fe, Zn) acting as vapour-phase radical quenching agents. With regards to the specific 
mechanism of action of the tungstates with other flame retardant elements, in combination with 
BrFRs, formation of metal halides and oxyhalides are proposed to contribute to condensed-phase 
char promotion and vapour-phase radical quenching.  In combination with PFRs, increased chain 
cross-linking promotes the formation of greater char, stabilised by the presence of phosphorus 
groups and metal oxide residues, coupled with vapour phase activity inherent to AlPi.  
 
In conclusion, of 180 FRCs synthesised and screened for potential FR behaviour in PA66, the 
tungstates in particular were observed to possess both some level of flame retardant behaviour 
as well as function as synergists with selected phosphorus- and bromine-containing flame 
retardants. A method for screening future FRCs was also developed.  
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1 
Chapter 1 - Introduction, Aims and Objectives 
 
1.1: Introduction and Aims 
Synthetic organic polymers are used prolifically in modern society, yet while useful, they retain 
the flammability inherent to their chemical nature. For thousands of years, philosophers and later 
scientists have sought to reduce the flammability of initially natural, then later synthetic polymer 
species used in all aspects of life. In modern times, the use of flame retardants in polymers is 
significant, although recent concerns of the possible toxicological and environmental impacts of 
certain compounds has led to research developing alternatives. Engineering polymers, in 
particular, commonly have their flammability reduced with antimony and bromine-based flame 
retardant systems, some of which are of concern as outlined above. Inorganic chemistry provides 
a wealth of opportunity for possible novel flame retardant compounds which are more 
environmentally benign than those currently used. As such, the aims of this project were to 
develop novel, non-halogenated, non-toxic and environmentally benign synthetic inorganic 
compounds capable of imparting flame retardant and smoke suppressant activity to selected 
engineering polymer systems. 
 
1.2: Objectives 
In accordance with the aims outlined above, a number of objectives were identified as a guide to 
achieve the goals of the project 
1. To review the published literature and develop an understanding of the mechanistic 
details behind polymer degradation, flammability and smoke production, and the 
mechanism of action of flame retardant (FR) and smoke suppressant (SS) compounds and 
their relationship to one another. 
2. To use the mechanistic information from Obj. 1 to devise a matrix of potential new non-
toxic environmentally benign flame retardant candidate (FRC) compounds having either 
synergistic or flame retardant properties in the typical engineering polymer, polyamide 
6.6 (PA66). 
3. To develop a methodology by which potential compounds can be readily screened for 
activity and selected for further study. 
4. To synthesise and characterise the FRC compounds selected from the outcome of 
Objective 3.  
5. To incorporate these compounds into PA66 via melt-processing and determine whether 
or not they possess any desirable flame retardant or synergistic properties and interpret 
the results of the above experiments within current fire science understanding and 
establish their mechanism(s) of action in PA66 in terms of their influencing the thermal 
degradative and subsequent combustion chemistries of the polymer. 
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For the purposes of this project, engineering polymers are defined as those which are high-value, 
high-performance, melt-processable compounds whose properties are controllable during the 
polymerisation stage to give a consistent structure. 
 
1.3: Thesis Structure 
 
Chapter 1: Overview of the project aims, objectives and the structure of the thesis. 
 
Chapter 2: A comprehensive literature review of polymer degradation and flame retardancy 
mechanisms and how these two components interact with one another, with focus upon the 
primary polymer used in this work and the existing flame retardant systems used. 
 
Chapter 3: Summary of the experimental techniques used as part of this work, with methods 
common to several chapters discussed in detail. 
 
Chapter 4: An investigatory study performed early in the project to give the author a grounding in 
fire testing and methodology. The effect of several metal oxalates on the flammability of cellulose 
(cotton), a char forming polymer, is explored in combination with bromine- and phosphorus-
containing flame retardants. 
 
Chapter 5: This chapter details the preparation of the matrix of flame retardant candidates (FRCs) 
to be investigated, the small-scale synthesis of these compounds and the method by which they 
were screened for potential flame retardant activity with the model engineering polymer 
polyamide 6,6 (PA66), concluding with the selection of a number of candidates deemed suitable 
for further, larger scale study 
 
Chapter 6: Here, the compounds selected in the previous chapter have their synthesis scaled to a 
level appropriate for larger scale fire testing; their full chemical characterisation undertaken, 
followed by melt-blending of the successfully produced samples with PA66 for determination of 
any inherent flame retardant behaviour.  
 
Chapter 7: This chapter examines the interactions of the four FRCs (aluminium, zinc and tin (II) 
tungstates and iron (II) aluminate) having greatest flame retardant potential with three different 
phosphorus-containing flame retardants as a test for synergy with the commonly-used flame 
retardant element. 
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Chapter 8: Extending the studies of the previous chapter, this section studies the interactions of 
three FRCs (aluminium, zinc and tin (II) tungstates, selected as they were previously studied with 
phosphorus-containing flame retardants and had displayed promising behaviour), with two 
different bromine-containing polymeric flame retardants for potential synergy.  
 
Chapter 9: The mechanisms of action of combined FRC-bromine and FRC-phosphorus interactions 
are explored by investigating the effect on the degradation of PA66 and the structure of cone-
calorimetry chars. 
 
Chapter 10: This chapter summarises the work presented in the previous sections, draws overall 
conclusions and suggests further work that could be undertaken in the field.  
  
4 
Chapter 2 – Literature Review 
 
2.1: Introduction, History and Overview 
Fire is one of the most useful phenomena that man has exploited when used in a controlled 
fashion; allowing breakthroughs in the development of civilisation from creation of the simple 
bronze and iron artefacts thousands of years ago to the modern day where it warms our homes 
and provides motive effort to move our cars.[1, 2] Yet, despite the advantages, when control is lost, 
destruction and havoc can be the result, as illustrated by events such as the great fire of London 
in 1666. With this in mind, effort has been channelled for thousands for years into the protection 
of flammable materials from the destructive tendencies of fire.[2, 3] 
 
Some of the earliest applications of materials protected against fire can be traced back to the 
Egyptians and Romans, who treated wood with alum or vinegar to prevent the lighting of siege 
towers, [3, 4] to the later applications of a mixture of ferrous sulphate, alum and borax to treat 
cotton fire curtains in theatres,[3, 5] although these early applications were based more on 
empirical evidence than any well-defined scientific basis. The latter application, however, is so 
effective, similar formulations still find use to this day.[6] In modern times, however, thanks in part 
to the significant proliferation of highly flammable hydrocarbon-based polymeric materials,[7] but 
in concert with a better understanding of the chemistry of fire, many developments have been 
made to better protect lives and property from the inherent risks associated with the use of 
flammable materials by reducing the flammability of or preventing the ignition of these materials, 
promoted by legislative pressure.[2] 
 
In more recent years, however, several families of established flame retardant (FR) compounds, 
namely halogenated species,[2, 8-12] their common synergist antimony trioxide (Sb2O3)
[13-15] and 
some phosphorus[16-19] and potentially boron[20] compounds have come under increased scrutiny 
due to concerns of possible long-term health and environmental effects, including their observed 
accumulation in the wild. As such, legislative pressure has promoted the search for more 
environmentally benign and effective FRs for plastics to move away from using the more 
environmentally suspect, but effective systems already in use.[21-24] 
 
The world market for flame retardant (FR) compounds as of 2010-2011 was approximately $4 
billion,[25] totalling around 2 megatons of material, of which Asia accounted for 40% of the 
demand.[26, 27] This compares to the worldwide market for plastic materials, which is 
approximately 2 orders of magnitude larger than this.[28] The primary types of flame retardant and 
how their usage breaks down is outlined in Figure 2.1 below.[26]  
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Figure 2.1: World fire retardant market usage by type of flame retardant. Total market is 
approximately 2 million tons/year.[26] 
 
The majority of the FR market, just over 40% by weight, is taken up by aluminium hydroxide (ATH, 
Al(OH)3), followed by halogenated materials (brominated or chlorinated) and their common 
synergist antimony trioxide (ATO, Sb2O3), then organophosphorus and other species in order of 
decreasing usage.[26]  In the western world, approximately 6 wt% of disposed wastes are plastic 
materials, of which 75% end up in landfill, which allows flame retardants to enter the 
environment,[2, 29] and as such, switching to non-toxic species or by developing more recyclable 
materials thus reduces the environmental and health hazards posed by these species. 
 
With these factors in mind, the primary aim of this project was to devise, synthesise, characterise 
and test the efficacy of novel halogen-free compounds that may have either direct FR or 
synergistic characteristics for use in engineering polymers. In order to achieve this, an 
understanding of polymer degradation, combustion, smoke formation and FR mechanisms must 
be developed by a review of relevant literature on the topics. This research is presented below in 
Sections 2.2 to 2.5.  
 
2.2: Fire, Combustion and Smoke Formation 
Fire is an exothermic redox chemical reaction, involving the rapid oxidation of a fuel source at 
high temperatures, releasing heat, light and gaseous products.[30] On a simple level, fire needs 
three things to be present: fuel, heat and oxygen, all of which combine to form the free-radical 
combustion chain reaction, illustrated below in Figure 2.2.[30, 31] Removal of any one of these will 
normally cause a fire to extinguish, and it is commonly by influencing one of these parameters 
that flame retardants work.[30, 31] This is discussed later in Section 2.5.  
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Figure 2.2: The fire tetrahedron, where heat, fuel and oxygen combine to give a sustaining free-
radical chain reaction.[30, 31]  
 
Fire is a very complex series of free-radical and ionic reactions, which for a hydrocarbon given 
enough oxygen, would result into complete conversion to water and carbon dioxide, as illustrated 
by Equation 2.1a.[32, 33] If lesser amounts of oxygen are available, carbon monoxide and carbon 
(soot, described in more detail below) are commonly formed instead, as shown by Equations 1b 
and 1c respectively, though the actual products of the reaction can be and generally are more 
complex than this.[32] As the complexity of the fuel increases, so does the complexity of the 
combustion process, as illustrated for a simple species, n-butanol (C4H9OH), which for instance, 
gives a mechanism involving 243 species and 1446 reactions.[33] Even for a species such as ethane, 
complex precursors to smoke formation (see below) can be produced.[31, 34] 
 
CH4 + 2O2  CO2 + 2H2O  (2.1a) 
CH4 + 1.5O2  CO + 2H2O  (2.1b) 
CH4 + O2  C + 2H2O   (2.1c) 
 
For polymeric materials, the complexity of combustion is increased further.[31, 34] Polymers are 
large, condensed-phase molecules with very high molecular weights and will normally decompose 
before volatilising, and thus it is the degradation products of a polymer that provide the fuel for 
combustion.[2, 31-34] In contrast with a liquid fuel, such as ethanol (MW = 46 g/mol), which must 
merely evaporate to enter the vapour phase (38.6 kJ/mol)[35] to combust,  polymers (MW > 10 
kg/mol) must first decompose (pyrolyse) into volatile species via scission of covalent bonds (C-C = 
346 kJ/mol, C-H = 411 kJ/mol) which then evaporate in order to enter the vapour phase, a process 
requiring approximately an order of magnitude more energy in comparison.[2] The degradation of 
polymers an extensive topic, is discussed in detail with specific reference to those of interest to 
this thesis below in Section 2.3.  
 
Combustion requires the input of energy to initiate the reaction, because under normal 
circumstances, interaction between molecular oxygen in the atmosphere (O2, a diradical triplet 
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species),[36] and ground state organic molecules are spin forbidden. Thus, the input of energy to a 
fuel (such as from a flame or spark), exceeding the activation energy (Ea) of combustion causes 
one (or both) of two possible scenarios either the heterolytic fission of bonds within the fuel 
(pyrolysis) to form radicals (which can interact with ground state O2), or the excitation of 
atmospheric oxygen into its singlet excited state which is capable of extracting atoms (hydrogen) 
from the fuel species.[34] A very simplified scheme of combustion scheme of hydrocarbon fuel is 
presented below in Equations 2.2a-j.[31] Key: I = initiation, P = propagation, B = branching, T = 
termination, E = exothermic. R can be an organic fragment or a hydride radical. 
 
R-H  R. + H.  C-H bond scission (I)   (2.2a) 
R-R  R. + R.  C-C bond scission (I)   (2.2b) 
R. + O=O  R-O-O.   Radical-O2 interaction (P)  (2.2c)  
R-O-O. +  R-H  R-O-O-H  +  R.  Hydrogen abstraction (P)  (2.2d) 
C=O + H-O.  O=C=O + H. Oxidation of CO (P, E)   (2.2e) 
R-O-O-H  R-O. + H-O. Peroxide scission (B)   (2.2f) 
H. + O=O  H-O. + O* Formation of HO. and monatomic O* (B) (2.2g) 
O* + H2   H-O
. + H. Formation of HO. and H. (B)
 
 (2.2h) 
H-O. + H.  H-O-H   Formation of water (T, E)  (2.2i) 
R. + R.   R-R   Alkyl radical condensation (T)  (2.2j) 
 
They key oxidants in the above scheme are the hydroxyl radical (HO.) and monatomic oxygen 
(O*),[37, 38] both of which are highly energetic species which readily accept electrons. Another 
important role is played by the hydride or hydrogen radical (H.), which promotes the formation of 
HO. (Equation 2.2g) and itself releases a large amount of energy when water is formed by radical 
termination with a hydroxyl radical (Equation 2.2i).[31] The primary exothermic reaction that 
drives combustion is this scheme is the oxidation of carbon monoxide by the hydroxyl radical 
(Equation 2.2e).[31] Inhibiting the action of several key species outlined above is key to the 
mechanisms by which several flame retardant active elements work. This is fully described in 
Section 2.4.  
 
Smoke Formation 
A key factor when discussing the combustion and fire hazards posed by polymeric materials is that 
of smoke formation. More people perish in house fires due to the disorienting and incapacitating 
effects of smoke and subsequent poisoning by carbon monoxide and other toxic species than by 
actual contact with flames themselves. Smoke is defined as all the airborne material produced by 
combustion, including particulate matter, liquids and gaseous species.[39] 
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The main concerns regarding smoke involve the formation of polycyclic aromatic hydrocarbons 
(PAHs), the primary precursor to smoke (soot) particles and species such as hydrogen cyanide 
(HCN). The mechanism of smoke formation is closely related to that of char formation in 
polymers, (see Section 2.3), but the agglomeration of PAHs to form soot particles occurs in the 
vapour phase rather than the condensed-phase. Gases such as HCN and hydrogen halides (HCl, 
HBr) are of concern due to their tendency to adhere to soot particles along with other very 
harmful compounds including benzene, aldehydes and PAHs themselves, which are readily 
inhaled in a fire situation and serve to incapacitate unfortunate individuals.[39-43]  
 
PAHs can be formed from aliphatic or aromatic hydrocarbons; from the former via oxidative 
dehydrogenation to polyalkynes which condense together to form PAHs, and from the latter via 
condensation with the loss of hydrogen.[44, 45] This is illustrated schematically below in Figure 
2.3.[46]  
 
Aromatic Hydrocarbons
Aliphatic Hydrocarbons
PAHs
Acetylene Polyalkynes
Carbonaceous
Particles
 
Figure 2.3: Formation of carbonaceous smoke/soot particles from aliphatic and aromatic 
hydrocarbons.[46] 
 
As mentioned above, the final step in Figure 2.3 above, formation of carbonaceous soot particles, 
arises from condensation of PAHs, a process which is normally nucleated by a charged species 
such as a carbocation or metal ion. This is illustrated by Equation 2.3 below, where N is the 
(positively charged)[44, 47] nucleating molecule, M are the agglomerating molecules and S is the 
soot particle.[19] This process does not rely entirely upon charged species, if a critical 
concentration of PAHs is reached, condensation can occur automatically.[19] Repeated addition of 
PAHs (M) to the nucelator (N) is a step process.[47] 
 
N(+) + M  S(+) + nH2  (2.3) 
 
Once condensed, soot particles generally range in size from 2-500 nm, although the majority are 
less than 80 nm and size distribution is heavily affected by the fuel source and type of flame.[46] 
The condensed PAHs often carbonise in the heat of the flame forming an a semi-amorphous 
structure.[46, 48] The mechanisms outlined above are closely linked with the combustion reactions 
outlined in Equations 2.2 and 2.3, although the prevalence of these processes is far more likely to 
occur in the presence of less than stoichiometric oxygen, which would normally oxidise the PAH 
precursors. Certain compounds which inhibit flame chemistry (e.g. vapour phase FRs) can increase 
the amount of smoke produced as the oxidation of the PAH precursors is prevented.[31] The 
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mechanism by which this occurs is outlined in Section 2.5. The related formation of char during 
polymer degradation is described below in Section 2.3.  
 
2.3: Polymer Degradation 
Long chain molecules, such as polymers, decompose (pyrolyse) into smaller, lighter species before 
vaporising in order to burn. The mechanism by and nature of the degradation products of a 
polymer depend upon the structure of the starting material.[2] The combustion of polymers can 
thus be broken down into a number of elementary processes, outlined below in Figure 2.4, which 
interact in a complex manner to form combustion cycle for polymeric materials.[49] There are 
three primary mechanisms by which polymers degrade: random and end-chain scission and chain 
stripping, and a fourth factor which must be taken into account: cross-linking, or char promotion. 
For a given polymer, these can act individually or in concert,[2] as discussed in detail later in 
Section 2.3.2. It should be noted that normally only the random and end-chain scission 
mechanisms produce flammable volatiles, chain stripping usually involves the elimination of 
stable, non-flammable molecules (such as NH3, H2O, HCl), and char-promotion involves the 
formation of stable condensed-phase residues.[2] 
 
Thermal 
Oxidation
(Flame)
Combustion
Products
Thermal
Degradation
Charred
Residue
Solid-Phase
Oxidation
Heat
Heat
Volatile
Products
Ignition
Source
O2
O2
Heat
Dispersion
Vapour
Phase
Condensed
Phase
Figure 2.4: The relationship between the elementary condensed and vapour phase processes in 
polymer combustion.[49]  
 
Combustion is initiated by an ignition source (i), which provides heat to the sample and thus 
causes thermal degradation of the polymer into flammable volatile products (ii), which then enter 
the vapour phase and combust (iii).[49] The heat generated by this process drives further 
degradation of the polymer (iv), setting up and then sustaining the combustion cycle as long as 
fuel remains.[49] Parallel to this, the ignition source can result in condensed-phase pyrolysis 
sometimes, but not always, involving oxidation,[2] potentially yielding a charred residue (v) and/or 
volatile products (vi), depending upon the polymer.[2, 49] The ultimate outputs of sustained 
iii 
iv 
i 
v 
vi 
ii 
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combustion are heat (dispersed to the environment and back into the polymer), and combustion 
products (carbon dioxide and water for a hydrocarbon, assuming complete combustion).[2, 49] Fire 
retardant systems act by one of a number of ways of which the most important are reducing the 
heat supplied to the decomposing polymer below that required to sustain a stable flame, 
promotion of char at the expense of volatiles, interfering with the flame chemistry and/or 
formation of a surface barrier to heat and oxygen diffusion. These are discussed in greater detail 
in Section 2.5.[49]  
 
2.3.1: Environmental Degradation  
Environmental degradation can occur when a polymer is subjected to ultraviolet (UV) light, 
moderate heat and/or atmospheric oxygen for an extended period of time.[2] This can change the 
structure of the polymer, thus altering the degradation mechanism and decomposition products. 
It is well described for many polymers by the Bolland and Gee reaction scheme as outline in 
Equations 2.4a to 2.4h, where I = initiation, P = propagation, B = branching and T = termination.[2, 
49]  
 
R-H  R. + H.   (2.4a, I) 
R-R  2R.   (2.4b, I) 
R. + O2  RO2
.   (2.4c, P) 
RO2
. + RH  ROOH + R.  (2.4d, P) 
ROOH  RO. + HO.  (2.4e, B) 
2R.  R-R   (2.4f, T) 
RO2
. + R.  ROOR  (2.4g, T) 
2RO2
.  oxidised products (2.4h, T) 
 
Changes to the polymer structure caused by this process can alter the physical properties in 
addition to the chemical via the formation of cross-links, and these processes can be exacerbated 
by the presence of polymerisation catalysts.[50, 51] 
 
Oxidation processes can result in the conversion of methylene functionalities to carbonyl groups 
on a polymer backbone, capable of absorbing UV light, forming highly reactive species capable of 
further degrading the polymer chains, as outlined in Figure 2.5.[50] 
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Figure 2.5: Incorporation of carbonyl groups into polymer backbone and subsequent 
fragmentation reactions forming reactive intermediates.[50] 
 
Polymers containing vinyl functionalities on their backbone can undergo condensed-phase 
oxidation in the α-position relative to the C=C bond via hydride abstraction, forming oxidised 
species, as outlined in Figure 2.6.[50] The resultant peroxides formed are unstable and can readily 
propagate to form multiple radical species.[50] This position in particular is attacked due to the 
conjugation-stabilised intermediate. 
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Figure 2.6: Interaction of singlet oxygen with vinyl group leading to hydroperoxide formation and 
subsequent radical generation.[50] 
 
A specific example of condensed-phase oxidation processes occurs for polyamide-6 (PA6) at 
operating temperatures in air (120-170 oC),[52, 53] causing fragmentation of the backbone, but also 
possible cross-links between polymer chains via radical condensation. C-H scission can also occur 
at the C-H bond α to the carbonyl group. These processes are outlined in Figure 2.7 below. A 
catalytic cycle can be created in addition to highly reactive species (hydroxyl radicals). Attack at 
this position is favoured as the intermediate state is partially stabilised by conjugation with the 
adjacent amide group.  
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Figure 2.7: Solid-phase oxidation processes of PA6.[52, 53] 
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While not directly related to pyrolysis, the environmental aging of polymers may affect the fire 
performance properties by altering the primary thermal degradation pathways outlined below for 
“pure” materials, and as such, aged polymers may burn in a different manner to virgin material.[2] 
 
2.3.2: Thermal Degradation Mechanisms 
On a molecular level, polymer degradation occurs when a polymer is significantly heated and 
energy transferred to the bonds within the polymer, causing excitation of those bonds and thus 
homolytic (radical rather than ionic) scission of the weakest bonds in the polymer, or those which 
form resonance stabilised intermediates,[2] a process which ultimately determines the 
degradation mechanism of the polymer. The formation of radicals along a polymer chain will 
result in scissions of that chain, forming the smaller, volatile species which enter the vapour phase 
and provide the fuel for combustion.[2, 49, 50] Please note that a particular emphasis is placed upon 
the degradation of aliphatic thermoplastics as these were the primary focus of this project. 
 
Structure-Stability Relationship  
The thermal stability of a polymer is directly related to its structure, as approximated by the Th 
notation outlined by Madorsky,[2] the temperature at which a sample of polymer loses half of its 
starting mass in 30 minutes, assuming a first order degradation mechanism. The effects on Th of 
changing the structure of a polymer from a purely aliphatic species (such as HDPE), are outlined, 
where a lower Th is less stable:
[2, 54] 
 Increased chain branching, such as polypropylene, lowers Th. 
 Double bonds in the polymer backbone, such as polyacetylene, lower Th. 
 Incorporating heteroatoms (N or O) into the polymer backbone, such as poly(ethylene 
glycol) ( PEG), lowers Th. 
 Incorporating aromatic groups into the backbone, such as PA6T (copolymeric 
poly(hexamethylene adipamide – terephthalamide) vs. PA66 (poly(poly(hexamethylene 
adipamide), increases Th. 
 Higher molecular weight polymers, such as high density polyethylene vs. low density 
polyethylene, increase Th. 
 Cross-linking of polymer chains, as in thermosets, increase Th. 
 
There are three mechanisms by which polymers generally degrade: random chain scission, end 
chain scission and chain stripping, and a fourth factor which must be taken into account: cross-
linking, which is strongly related to the char promotion potential of a polymer.[2] For an aliphatic 
polymer of a general structure (Figure 2.8), these degradation mechanisms are outlined in Figures 
2.9a to 2.9c.[2]  
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R
X X X
n  
Figure 2.8: General structure of an aliphatic carbon backbone based polymer (R is the rest of the 
polymer chain, X is any side group). 
 
R R
X X X X X X X X X X X X X X X X 
Figure 2.9a: Random Chain Scission: Breaking of the polymer backbone at random points leading 
to the evolution of a range of species.  
 
R
X X X X X
R
X X X X X
R
X X X X X  
Figure 2.9b: End Chain Scission: The loss of individual monomer units sequentially from the end of 
the polymer chain. 
 
R
X X X X X X X X
-nHX R
X X X  
Figure 2.9c: Chain Stripping: The elimination of some (or all) of the side groups present on the 
polymer backbone, in this illustration via the loss of HX to give a conjugated poly-alkene structure. 
 
Polymers can be loosely grouped by degradation mechanism, although the exact chemical 
processes from one polymer to the next may differ significantly. The common degradation 
mechanisms outlined above are discussed below with several common examples. As the model 
engineering polymer utilised for this project, poly(hexamethylene adipamide) or PA66 is studied 
in detail separately in Section 2.4. 
 
2.3.2.1: End Chain Scission 
End chain scission degradation, or depolymerisation, (Figure 2.9b) occurs for certain polymers 
where the polymer repeating unit, or monomer, is lost sequentially from the end of the polymer 
chains during heating.[2] This mechanism occurs where the monomer is the most stable 
degradation product, two specific examples of which include the degradation of 
polymethylmethacrylate (PMMA, Figure 2.10),[2, 55, 56] and polytetrafluoroethylene (PTFE, also 
known as Teflon®, Figure 2.10),[2, 57, 58] though the latter of these two polymers is inherently flame 
retardant due to its high halogen content. The initiating factor in the degradation of PMMA and 
PTFE is the loss of any polymerising end groups to form radicals.[55-58] End chain scission is also 
known to occur for PA6 in addition to the random chain scission outlined in Section 2.3.2.2 below, 
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with loss of the monomer (caprolactam) from the end of the polymer chains during degradation 
(Figure 2.10).[59]  
 
 
Figure 2.10: End-chain scission reactions of PTFE (top), PMMA (middle) and PA6 (bottom).  
 
2.3.2.2: Random Chain Scission 
Random chain scission (Figure 2.9a) represents the primary degradation mechanism of many 
polymers, including the common polyolefins, polyesters, polyamides and polycarbonates.[2] This 
mechanism can give rise to a wide range of degradation products, including the monomer, 
dependent upon the structure of the polymer. Depolymerisation from the ends of the polymer 
chains can also occur when the primary degradation mechanism is random chain scission, though 
whether this generates the monomer as described above again depends upon the polymer 
structure.[60, 61] The key degradation processes of some important classes of polymers which 
degrade by random chain scission are outlined below. 
 
Polyolefins 
Polyethylene (polyethene, PE, Figure 2.11) and polypropylene (polypropene, PP, Figure 2.11), two 
common, commodity addition polyolefins which undergo random chain scission degradation from 
200 oC, both form a highly flammable and varied mix of aliphatic, cyclic and aromatic 
hydrocarbons with little to no production of the monomers.[2] 
  
n  n 
Figure 2.11: The structures of PE (left) and PP (right).  
 
Degradation under nitrogen reaches a peak rate (as TGA/DTG) at 425 oC for PP and for both 
polymers is sensitive to the presence of imperfections in the polymer structure or impurities 
which serve to nucleate degradation.[2, 50] PE and PP are both poor char formers as the absence of 
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heteroatoms and aromatic rings in the polymer (either of which are normal requirements for char 
promotion) serves to deprive this mechanism of active sites for initiation of the process.[2] 
Chemically, both polymers degrade via random homolytic C-C bond scissions, for PP, adjacent to 
the tertiary carbon centres, and for both end-chain scissions occur via H-abstraction and C=C 
formation. The most favoured reactions occur via a 6-membered transition state.[2, 50, 61] 
 
As an exemplar of the effect of polymer structure on degradation mechanism, polystyrene (PS, 
Figure 2.12), another common commodity polymer, is an interesting case.  
n
 
Figure 2.12: The structure of PS. 
 
While essentially a polyolefin, produced in a similar manner to PE and PP, the presence of phenyl 
side chains significantly alters the degradation mechanism. While still degrading primarily via 
random chain scission, the primary degradation products of PS are the monomer and low 
molecular weight cyclic oligomers and smaller amounts of other aromatic compounds including 
benzene and toluene.[2, 50, 60] This difference in degradation compared with PE and PP can be 
attributed to the stabilisation of certain radical intermediates through conjugation with and 
delocalisation within the phenyl side chain. Degradation of PS occurs from 280 oC.[2] End-chain 
scission can also be observed, depending upon the polymerisation method employed which 
determines the end groups present on the polymer chains and thus the stability of these moieties. 
The presence of aromatic groups in PS also promotes the formation of char upon degradation.[2, 50] 
 
Polyesters  
Polyesters, such as polyethylene and polybutylene terephthalate (PET and PBT, Figure 2.13), are 
condensation polymers with a range of uses, including both fibre-forming and engineering 
applications due to their desirable mechanical properties.[62]  
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Figure 2.13: The structures of PET (left) and PBT (right).  
 
Degradation of these two polymers occurs via random chain scission from 300 oC, with the main 
products from PET being acetaldehyde (the primary flammable species), carbon monoxide and 
dioxide and ethylene,[2] and for PBT, tetrahydrofuran (THF) is produced instead of acetaldehyde.[2, 
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63] A similar mechanism operates for both polymers, proceeding via parallel radical and ionic 
processes, of which the former is of greater importance at higher temperatures. Mechanistically, 
for both polymers in the radical degradation mode, a conformal change allows for a 6-membered 
pericyclic β-hydride elimination followed by a condensation/elimination reaction to form an 
anhydride linkage while producing acetaldehyde or THF (Figure 2.14).[63] Both PET and PBT are 
capable of forming cross-links during degradation, either through polymerisation of the vinyl ester 
functionalities or anhydride decomposition.[2] End chain degradation also occurs for PET and PBT, 
producing a range of cyclic oligomers (Figure 2.15).[63] 
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Figure 2.14: Degradation of PET (top) and PBT (bottom), to produce acetaldehyde and THF 
respectively.[16] 
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Figure 2.15: The production of cyclic oligomers from PET via trans-esterification reaction.[63] 
 
Polycarbonates (PC) can be considered a specialised form of polyester, commonly derived from 
bisphenol A (BPA) and phosgene (Figure 2.16), which find uses in many commercial and some 
engineering applications. Degradation of PC begins at 400 oC via random chain scission, yielding 
BPA, carbon dioxide, cyclic oligomers (via a similar mechanism to PET and PBT) and xanthone 
derivatives.[64, 65] Hydrolysis reactions assist in the generation of phenol groups, which facilitate 
further degradation.[65] 
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Figure 2.16: Synthesis and structure of bisphenol-A PC.  
 
Polyamides 
As the model compound selected for this project, the degradation of polyamide 6,6 (PA66, Figure 
2.21) is discussed in greater detail separately in Section 2.4, but this compound, as with the 
similar polyamide 6 (PA6, Figure 2.17), both degrade via a random chain scission mechanism,[2] 
with the primary volatile product of PA6 being the monomer.[2, 66, 67] This latter reaction can be 
controlled and used to efficiently recycle PA6 rather than synthesising the monomer, a far more 
energy intensive process.[66] In addition to the monomer, lesser amounts of a cyclic dimer and 
other species with nitrile and vinyl end groups are observed.[2, 66-68] This process begins at 420 oC, 
increasing in rate with temperature, driven by the loss of flammable caprolactam.[2, 66] 
Mechanistically, PA6 degradation occurs via simultaneous 6-membered sigmatropic 
rearrangements producing an ene-amide which forms caprolactam (Figure),[66] with similar 
processes occur at chain ends.[59]  
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Figure 2.17: PA6 structure and degradation mechanism.[66, 67]  
 
2.3.2.3: Chain Stripping Degradation 
Chain stripping degradation occurs when a polymer contains a structure allowing for ready 
elimination of a stable volatile species from the polymer backbone (Figure 2.9c). Polymers known 
to degrade via this mechanism include polyvinylchloride (PVC, Figure 2.18) and poly(vinyl acetate) 
(PVA, Figure 2.18), which eliminate hydrogen chloride (HCl) and acetic acid (AcOH) respectively.[2]  
 
Cl
n   
Figure 2.18: Structures of PVC (left) and PVA (right).  
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The extended network of conjugated double bonds remaining following the elimination of the 
volatiles from such polymers readily cross link to form a graphitic, charred network, or nucleate 
into smoke particles as discussed above in Section 2.2, as evidenced by the tendency of PVC to 
burn with a very smoky flame.[68] In addition to this, PVC effectively contains an in-built flame 
retardant in the form of the HCl which it produces upon degradation[2] and which is capable of 
interfering with radical combustion reactions, as discussed below. However, these factors are 
often negated by the inclusion of flammable organic plasticisers, required to obtain more 
desirable physical properties from the polymer, such as flexibility, while requiring the addition of 
other flame retardant additives.[68] 
 
2.3.2.4: Cross Linking and Char Formation 
Certain polymers, especially those containing aromatic rings, oxygen or nitrogen heteroatoms, or 
those degrading via chain stripping, are capable of forming char by a range of methods.[49] For the 
former, condensation of phenyl rings, akin to the formation of smoke (Section 2.2) but in the 
condensed phase, tends towards a graphitic char-like structure. For the latter, elimination of 
volatile species (such as HCl, H2O and NH3) and the formation of C=C bonds leads to the graphitic, 
char-like structures, although for O and N containing polymers,[34] the process generally only 
occurs in the presence of acidic, condensed-phase flame retardants such as phosphoric acids. 
These catalyse the release of volatiles via dehydration or deamination, in a similar manner to 
which cellulose (cotton) can be rendered flame resistant.[2, 34] As with polymer degradation, the 
chemical mechanisms of char formation are variable. An illustration of several of the concepts 
outlined occurs during the degradation of poly (ether ether ketone) (PEEK), a high performance 
engineering polymer, which combines condensation of phenyl rings with loss of volatiles to a 
structure tending towards graphite, as outlined in Figure 2.19.[69] Condensation of phenyl rings, 
promoted by radical abstraction, in the case of PEEK, is the primary source of cross-links 
preceding char.[69] Interactions of certain flame retardant species with the polymers described 
above can be used to promote the formation of char, which are discussed below. 
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Figure 2.19: Formation of char from PEEK.[69] 
 
Under controlled conditions, the heating of a polymer such as poly(acrylonitrile) (PAN) at high 
temperatures, is used in the production of carbon fibres, whose structure is essentially graphitic 
in nature,[2] although under more rapid and extreme heating conditions such as those found in a 
fire scenario, decomposition and formation of flammable volatiles dominate.[2] 
 
2.4: Polyamide 6,6 
Polyamide 6,6 (PA66) was the model engineering polymer selected for this project, and as such its 
degradation mechanism will be discussed in greater detail than the others described above in 
Section 2.3. PA66 is a semi-crystalline[70, 71] polymer finding use in many demanding engineering 
applications due to desirable mechanical properties and high thermal stability, while retaining the 
flammability inherent to its aliphatic organic nature,[72] which is capable of being countered by a 
range of appropriate flame retardant systems exist, discussed below in Sections 2.5 and 2.6.  
 
PA66 is synthesised from hexamethylenediamine and adipic (hexanedioc) acid, where the two 
water-soluble starting materials are first combined with water producing an ionic solution of 
“nylon 6.6 salt”, followed by the removal of excess water by evaporation.[73-76] The nylon salt is 
then transferred to a continuous polymerisation reactor where molten PA66 is produced via a 
polycondensation reaction at 280 oC under pressure. This sequence is illustrated in Figure 2.20 
below. Once synthesised, the molten polymer is extruded into coarse filaments which are air 
cooled, cut into pellets and can be processed as required.[73] Polyamide or nylon 6,6 is commonly 
polymerised to a number average molecular weight of around 10-20 thousand Daltons, 
corresponding to a degree of polymerisation of approximately 80-150 repeat units, beyond which 
difficulties in processing can be encountered, especially into filaments for textile applications.[74] 
Higher molecular weights may be used for non-textile filament applications, however. The 
polymerisation reaction can be terminated by the addition of acetic acid to the reactor to prevent 
the melt exceeding the degree of polymerisation desired limit.  
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Figure 2.20: Schematic of nylon 6,6 synthesis.[74]  
 
2.4.1: Structure and Properties 
PA66, in the crystalline form, may have the structure outlined in Figure 2.21, with amide bonds 
connecting alternating 6 carbon chains terminating with N-amide and (C=O)-NH groups 
respectively.[71] The secondary amide groups allow for inter-chain hydrogen bonds, producing a 
multi-dimensional network of inter-chain bonds which provide far greater inter-chain bonding 
than van der Waals forces alone.[71] The inter-chain bonds contribute to the enhanced mechanical 
properties of nylon 6,6 compared with other polymers. PA66 displays two different crystal phases; 
an α-triclinic phase and a pseudohexagonal γ-phase which can exist interchangeably depending 
upon the melting and cooling conditions used.[72]  
 
 
Figure 2.21: H-bonding in nylon 6,6.[71] 
 
The favourable mechanical properties of PA66 include excellent compressive resistance [77] and 
tensile strength (85 MPa),[78] especially when the polymer is drawn into fibres,[79] allowing for such 
applications as mooring ropes for ship. The crystal structure outlined above in Figure 2.21 is 
generally observed in combination with the amorphous phase in long-range ordered regions, 
overall combining to form a so-called “microfibril” structure in the fibre form,[79] corresponding to 
PA66 being a semi-crystalline polymer. For the purposes of this project, however, the bulk 
polymer is the primary focus of study. PA66 is often prepared with glass fibre fillers incorporated 
(for example 30 wt%) which can double the elastic modulus of the polymer (1600 MPa to 3200 
MPa) and increase yield strength (90 MPa to 100 MPa), although impact resistance and Rockwell 
hardness are affected as a result.[77]  
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2.4.2: Thermal Degradation of PA66  
The degradation chemistry of PA66 is complex, involving many simultaneous reactions. It occurs 
initially via random chain scission as outlined above in Section 2.3, with the primary degradation 
products being carbon dioxide, carbon monoxide, ammonia and cyclopentanone,[2, 80] the latter of 
which represents the primary flammable volatile produced. Several reactions can account for the 
degradation products observed including products of cross-linking, a process which known to 
cause gelation of the polymer and loss of melt processability when held at high temperature for 
an extended time. [2, 80] Chain stripping and end chain degradation are not observed and occur to a 
lesser extent than the primary degradation mode in PA66 respectively.[2, 80]  
 
PA66 has a melting point of approximately 260 oC and can be processed up to 280-290 oC,[2, 80] 
above which the onset of degradation becomes significant. In simultaneous differential thermal 
analysis/thermogravimetric analysis (TGA/DTA) under air, the peak rate of degradation under air 
varies with the heating rate used.[49] At lower heating rates (2.5-10 oC/min), the degradation is a 3-
step process, with two clearly observable peak mass loss (DTG) rates occurring between 400 and 
450 oC, and a higher temperature peak corresponding to the decomposition of the char formed 
from the first two degradation steps. At higher heating rates (≥20 oC/min), the two stages of 
degradation observed at lower heating rates become indistinguishable, and the temperatures at 
which both the primary degradation and char oxidation occur increase significantly. The 
magnitude of char produced (at 500 oC) is reduced with increased heating rate. These 
observations are illustrated in Figures 2.22 to 2.24 below, the experiments performed using the 
equipment described in Chapter 3 at Bolton 
 
 
Figure 2.22: Variation of the weight loss maxima of PA66 in TGA/DTA analysis with heating rate 
under air. NB: X axis log scale. 
 
400
450
500
550
600
650
2 20
Te
m
p
e
ra
tu
re
 (
C
) 
TGA/DTA Heating Rate (C/min) 
First Peak DTG Second Peak DTG Char Oxidation DTG
22 
 
Figure 2.23: TGA mass loss curves for PA66 at different heating rates under air. 
 
 
Figure 2.24: DTG curves for PA66 at different heating rates under air. 
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2.4.3: Inert Atmosphere Degradation 
Degradation of Model Compounds 
Schaffer et al have provided a quite recent comprehensive review of the inert-atmosphere 
degradation of PA66 from many classic sources which provides a good basis on which to build an 
understanding of the many complex chemical reactions which influence the degradation of 
PA66.[80]  
 
Classic research into the degradation behaviour of model compounds undertaken nearly 60 years 
ago has provided an insight into degradation reactions of PA66. Goodman et al synthesised a 
model diamide of adipic acid with butylamine end groups. When heated to 350 oC, this species 
decomposed to give butylamine, CO2 and various cyclic substituted ketones, as illustrated below 
in Figure 2.25. [80-82] 
 
 
Figure 2.25: Degradation of model PA66 diamide, producing cyclopentanone derivatives, 
butylamine and carbon dioxide.[80-82] 
 
Later, Bailey, et al described the degradation of a hexamethylene diamide, which degrades to 
form amide end groups and alkyl chains via a β-hydride transfer reaction, as illustrated in Figure 
2.26.[80, 83] 
 
 
Figure 2.26: Degradation of model PA66 hexamethylene diamide, producing free amide and C=C 
bond.[80, 83] 
 
The above is generally accepted as one of the primary chain-scission process in the degradation of 
PA66,[84] although this does not account for the production of cyclopentanone, carbon dioxide or 
ammonia. The formation of cyclopentanone can be explained, however, by an alternate, 
intramolecular reaction which forms a cyclopentanone-stabilised amide and free amine group. 
This then expels cyclopentanone to form an isocyanate.[84] as shown below in Figure 2.27; such 
reactions are common amongst several similar aliphatic polyamides.[84] 
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Figure 2.27: Formation of cyclopentanone via intramolecular reaction in PA66.[84] 
 
 
Wiloth and Schindler have described the reaction of an α-cyclopentanone-stabilised amide 
degrading at 280 oC to form cyclopentanone, carbon dioxide and an α-cyclopentimide-substituted 
amide via a bimolecular reaction, as illustrated below in Figure 2.28. Under vacuum, however, this 
same species can degrade to form an alkyl isocyanate, cyclopentanone, carbon dioxide and a 
Schiff base of cyclopentanone, as illustrated in the same figure.[80, 85, 86] 
 
 
Figure 2.28: Degradation of cyclopentanone-stabilised PA66 model compound under inert 
atmosphere and vacuum. [80, 85, 86] 
 
Cross-Linking 
PA66 is known to cross-link readily, especially under prolonged exposure to high temperatures, 
where gelation is a notable occurrence,[2] and can make processing of PA66 problematic. 
Yoshizawa et al[87] and Hill[88] both attributed condensation mechanisms driving the observed 
cross-linking of PA66 yielding  emission of ammonia and secondary amines from two primary 
amines and then cross-linking tertiary amines from a secondary and primary amine; later, Peebles 
and Huffman[89] described the addition of a free carboxylic acid with a secondary amine to form a 
tertiary amide with emission of water, as illustrated below in Figure 2.29.[80, 87-89] From these 
observations, emission of ammonia can be attributed to cross-linking of PA66. 
 
  
 
Figure 2.29: Cross-linking of PA66 by free amine condensation to form secondary and tertiary 
amines (top left and right).[80, 87-89] Condensation of a secondary amine with a free carboxylic acid 
forms a tertiary amide.[6, 89] 
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Hill,[88] with similar observations in the work of Meacock[90] and Kamerbeek,[91] noted the gelling 
effect observed in PA66 at temperatures over 280 oC due to the formation of bis-
hexamethylenetriamine (BHMTA, Figure 2.30).[80, 88, 90, 91]  
 
 
Figure 2.30: Structure of bis-hexamethylenetriamine, known for causing PA66 gelation. [80, 88, 90, 91] 
 
More Detailed Degradation Studies of PA66 
Kamerbeek noted the formation of carbon dioxide and cyclopentanone from cyclisation of 
carboxylic acid end groups due to the thermodynamically-favoured production of 5-membered 
rings (Figure 2.31). This process requires the presence of water to initiate hydrolysis of some 
amide bonds, possibly from dehydration of free amides to nitriles (Figure 2.32), which would 
explain the observed nitrile products detected. [2, 80, 91] The proposed cyclisation-decarboxylation 
mechanism was further expanded upon by Twilley et al,[80, 92] who suggested that evolution of the 
thermally unstable cyclopentanone-2-carboxylic acid, promoted by water, as the intermediate in 
carbon dioxide and cyclopentanone production (Figure 2.33),[80, 92] although this mechanism does 
not explain the observed nitrile and ammonia formation described above; the latter could arise 
from condensation of produced amide groups as shown in Figure 2.29.[80, 89] 
 
 
Figure 2.31: Formation of cyclopentanone, carbon dioxide and amine via cyclisation of free 
carboxy end groups.[80, 91] 
 
 
Figure 2.32: Formation of water from dehydration of amides.[80, 91] 
 
 
Figure 2.33: Formation of cyclopentanone and carbon dioxide via hydrolysis, cyclisation and 
dehydration of the above described end groups and formation of intermediate cyclopentanone-2-
carboxylic acid.[80, 92] 
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Wilston et al[80, 93] discuss the evolution of carbon dioxide from the cyclic “stabilised end group” 
intermediates via both uni- and bimolecular reactions (Figure 2.34) the latter of which allows for 
the formation of cyclopentyl imines and isocyanates. The produced isocyanates are further 
capable of reacting with free amine groups to form ureas (Figure 2.35), which can be hydrolysed 
to carbon dioxide and free amines. The produced imines are capable of hydrolysis from trace 
water to form cyclopentanone, or addition at the α-position of the cyclopentyl ring with 
elimination of ammonia (Figure 2.34). These processes occur above the melting point of PA66, 
increasing in rate with temperature. [80, 93]  
 
 
Figure 2.34: Formation of cyclopentanone and carbon dioxide from PA66 coupled via 
condensation of end groups via bimolecular reaction (top) and monomolecular (bottom). 
Elimination of an isocyanate from the bimolecular product forms the same cyclopentyl Schiff base 
as the monomolecular reaction. Hydrolysis of this produces cyclopentanone, reaction with free 
amines produces cyclic addition products.[80, 93] 
 
 
Figure 2.35: Reaction of the isocyanates produced above with amines, producing ureas and 
hydrolysis producing free amine and carbon dioxide. [80, 93] 
 
Dussel et al observed the production of free amide groups at high temperatures (600 oC) which 
lose water to form nitrile groups with the production cyclohexane and 1-hexene, as illustrated 
below in Figure 2.36.[80, 94] 
 
Figure 2.36: Formation of cyclohexane and derivatives.[80, 94] 
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Luderwald et al described the formation of a cyclic oligomer of PA66 via the H-abstraction 
reaction earlier proposed by Bailey et al, as illustrated below in Figure 2.37,[80, 95] also reported by 
others.[89, 94] 
 
 
Figure 2.37: Formation of (cyclic) monomer of PA66.[80, 89, 94, 95] 
 
Later research by Mackaffron et al described condensation reactions between free amine end-
groups with cyclopentanone to form ammonia and a substituted cyclopentanone end group, 
suggested to be stabilised by hydrogen bonding, as shown in Figure 2.38 below.[80, 96] 
 
Figure 2.38: Condensation of cyclopentanone and free amines.[80, 96] 
 
2.4.4: Oxidative and Environmental Degradation 
PA66 can undergo oxidative degradation under both environmental (UV-exposure) and fire 
conditions (thermal-oxidative). The mechanism of the former degradation centres around the 
amide functionality, and the lability of the α-hydrogen, as previously outlined above for PA6,[52, 76, 
97, 98] and shown below in Figure 2.39.[97] The mechanism of the latter is far more complex and 
draws upon factors from both the inert atmosphere degradation outlined above and that of 
(photo)oxidative degradation.  The loss of the α-hydrogen is favoured as the intermediate is 
stabilised by conjugation with the amide group.  
 
 
Figure 2.39: Lability of the α-hydrogen in PA66 amide functionality.[52, 97, 98] 
 
This reaction is observed on exposure to UV light (300 nm), and subsequent exposure to oxygen 
can form peroxide intermediates as  the Bolland and Gee reactions scheme outlined in Section 
2.3,[2, 49] which can then decompose to produce amides and carboxyl functionalities, ultimately 
breaking the main chain of PA66, as outlined in Figure 2.40.[97, 99, 100]  
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Figure 2.40: Interaction of radical intermediates with oxygen and decomposition.[97-100] The 
ultimate degradation products result from hydrolysis. 
 
The above reactions (Figures 2.39 and 2.40) generally describe environmental degradation at 
ambient temperatures. Under oxidative conditions (i.e. air) at high temperatures (c.a. 400 oC), 
PA66 will degrade as under nitrogen, although several differences in the degradation are 
noticed,[49] as can be illustrated by TGA/DTA analysis of the polymer under different atmospheres, 
as shown below in Figure 2.41.  
 
 
Figure 2.41: TGA degradation profiles for PA66 under air (green) and nitrogen (blue). 
 
Under nitrogen, PA66 completely degrades by 500 oC, leaving no residue. Under air, however, the 
degradation is prolonged by a second stage of mass loss (see also Figure 2.23 above), meaning a 
degree of residue remains until 600 oC. This can be attributed to the formation of a degree of 
char-like residue caused by oxidation and cross-linking of the polymer chains during the 
degradation processes and can therefore possibly be used to the promote the formation of char 
in combination with appropriate flame retardant species.[49] The exact chemical mechanisms by 
which this occurs are poorly understood as there has been little research into the thermo-
oxidative process, although a degree of the oxidative chemical activity can be inferred by drawing 
upon the information presented above.  
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In conclusion, the discussions above show that the degradation chemistry of PA66 is varied and 
complex, but conversely presents opportunities which can be exploited to promote the formation 
of char or alter the degradation of the polymer to reduce flammability. A discussion of the means 
by which flame retardants operate and by which PA66 can be flame retarded is presented in 
Section 2.5, along with a discussion of the present chemical systems which find use for this 
purpose in PA66 and their mechanisms of activity. 
 
2.5: Flame Retardants: Mechanisms of Action 
A wide range of flame retardant compounds exist for the many different polymer systems that 
require them, each example of which may possess specific advantages and disadvantages and 
differing mechanisms of action.[34, 101] General flame retardancy principles for thermoplastic 
polymers are explained below with specific examples relating to engineering polymers such as 
PA66 discussed later in Section 2.6.  
 
There are a large number of ways by which FRs can be grouped: by chemical functionality, 
mechanism of action, and additive or reactive nature amongst others.[31, 34, 101, 102] Here, they will 
be discussed by mechanism of action and the focus will primarily rest upon additive flame 
retardants, which are separate species incorporated into a thermoplastic generally by melt-
blending,[101, 102] as opposed to reactive flame retardants, which are chemically bound to the 
polymer and more commonly used in thermosetting polymers.[101, 102] Mechanisms of action can 
be further divided into two subsets depending upon their mode and level of activity: physical and 
chemical, with chemical activity generally having greater effectiveness especially at the lower 
concentrations required to minimise any reduction in mechanical and physical properties as a 
consequence of their addition. Some flame retardants do not function by one particular 
mechanism, but can display activity in multiple categories, as outlined below.[101] Synergistic 
behaviour, whereby a combination of two species imparts greater flame retardant performance 
than the sum of its component parts, [2, 34, 101,  102] is also discussed. 
 
2.5.1: Physically Acting Flame Retardants 
Certain flame retardant species are deemed to act in a physical manner, rather than a chemical 
manner[31, 101]: they rely more on physical effects, such as cooling and dilution of fire gases to 
achieve flame retardancy, although even the most chemically-active flame retardants will display 
some degree of physical activity.[2, 31, 101] Futhermore, to function effectively they are often 
required to be present at concentrations in excess of 50 wt% with some concomitant modification 
in mechanical properties. 
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Inert Fillers 
The simplest mechanism by which a flame retardant compound can act is to reduce the amount 
of flammable material present in its host polymer, which all flame retardant additives perform to 
a greater or lesser degree.[2, 101] Large levels of filler can be and indeed often are incorporated into 
commodity polymers, where they serve to reduce cost, flammability and some can improve the 
mechanical performance of the polymer,[2, 34, 101] depending upon the intended application. 
However, other so-called non-reinforcing fillers can reduce mechanical properties, an 
undesirabale feature especially in engineering polymers, where the mechanical properties of the 
polymer are key to performance and the inclusion of large amounts of fillers can have a severe 
negative impact both on these attributes and the melt-rheology.[34] An examples of a specific filler 
is calcium sulphate (gypsum).[2] 
 
Heat Sinks 
Heat sinks are generally mineral or inorganic compounds which endothermically decompose 
when heated, releasing inert vapour-phase compounds (such as water, carbon dioxide or 
ammonia),[101] thus protecting a polymer during a fire scenario by absorbing heat that would 
otherwise degrade the polymer. The inert gases produced also serve to dilute the vapour-phase 
combustion processes as described below, and the (often large) amount of flame retardant 
additive included in the polymer also serves to reduce the amount of flammable material present 
by acting as a filler as described above.[101] These types of additive are rarely incorporated into 
engineering polymers due to the large amounts required for effective flame retardant 
performance (sometimes approaching 50 or 60 wt% flame retardant additive), which would 
adversely affect the mechanical properties of the polymer (as for fillers above). Furthermore, the 
high processing temperatures required by many engineering polymers is above or close to the 
decomposition range of many such compounds. The two most commonly used heat sinks are 
hydrated inorganic compounds such as aluminium trihydrate (ATH, Al(OH)3),
 [2, 31, 34, 101, 102] 
magnesium hydroxide (MH, Mg(OH)2),
 [2, 31, 34, 101, 102]  with other minerals finding lesser uses, such 
as the hydroxycarbonate mineral hydromagnesite (4MgCO3.Mg(OH)2.5H2O).
 [2, 31, 34, 101, 102]  
Borates, especially those of zinc (2ZnO.3B2O3.3.5H2O, etc.), can be considered to act as heat sinks 
in addition to other mechanisms of action,[2, 101] which are outlined in greater detail below. The 
mechanism of action of these compounds is illustrated below in Equations 2.5a to 2.5c. The 
oxides produced can, in some polymers and in combination with other additives, promote the 
formation of char in addition to leaving behind an inherent, inorganic barrier following their 
degradation.[2, 101] 
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2Al(OH)3  Al2O3 + 3H2O (200-350 
oC)    (2.5a) 
Mg(OH)2  MgO + H2O (300 
oC)     (2.5b) 
4MgCO3.Mg(OH)2.4H2O  5MgO + 5H2O + 4CO2 (200-550 
oC) (2.5c) 
 
Vapour Phase Dilution 
The inert volatile species (commonly H2O, CO2, NH3) produced by the heat sink flame retardants 
described above enter the vapour phase during combustion of a polymer containing these 
compounds, diluting the active radical reactions occurring around the decomposing polymer.[2, 31, 
34, 101, 102] If a sufficient concentration of inert species is present, the radical reactions can be 
terminated completely due to lack of thermal feedback between the combustion processes and 
polymer, and the cooling of the vapour phase gases surrounding the polymer (see Section 2.3, 
Figure 2.4).[49] This mechanism of action is most commonly encountered for commodity, low value 
polymers such as low density poly(ethylene) and ethylene-vinyl acetate (EVA) copolymers. The 
large amounts of heat sink flame retardants required reduce flammable polymer content in 
addition to the inert volatiles produced working together to reduce the overall flammability of the 
compounded polymer. Volatile compounds which actively react to reduce reactive radical 
concentrations in the vapour phase (such as hydrohalic acids), also provide some diluting effect, 
although to a lesser degree than those produced by heat sink compounds due to the relatively 
lower concentrations present (see Section 2.3.2).[2, 31, 34, 101, 102]  
 
2.4.2: Chemically Acting Flame Retardant 
Chemically-active flame retardants work by interacting at a molecular level with the decomposing 
polymer or fire gases to reduce the flammability of a polymer by promoting the formation of 
glassy or charred barriers and/or catalytically interfering with the radical chemistry of the flame 
itself respectively.[101]  
 
Condensed Phase Barrier Formation 
Certain flame retardants act by forming a barrier between the decomposing polymer and the 
vapour phase combustion reactions, thus protecting the underlying polymer.[101] This is achieved 
either by the FR/s itself/themselves reacting to form a (often glassy) barrier, as in the case of 
nanoclays or within the polymer itself, altering the degradation pathway of the polymer to create 
a charred barrier (e.g. phosphorus-/some Br-based systems),[101, 103, 104] mainly by acid-promoted 
dehydration and cross-linking reactions.[1, 105] These types of system are chemically active, 
although such compounds can be far more specific to the type of polymer they interact with 
when compared to heat-sink FRs, and as such require tailoring for each polymer.[101] Examples of 
these compounds include ammonium and melamine polyphosphates (APP/MPP),[101, 105] both of 
which promote char in oxygen- and nitrogen-containing polymers such as polyamides and also 
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may act as heat sinks and vapour-phase diluants. For example, melamine, acts as a heat sink and a 
vapour phase diluant and also inherently forms an extended barrier via endothermic 
polymerisation and emission of ammonia, protecting the polymer from combustion reactions.[101, 
105] Borates also act in this manner via combined the Lewis-acidic character of the derived boron 
oxides and the ability of these oxides to melt, flow and thus form a protective barrier over the 
decomposing polymer.[101] These examples are illustrated below in Equations 2.6a and 2.6b and 
Figure 2.41.  
 
(NH4
+.(O-P(=O)-O-)n  (O-P(=O)-OH)n + NH3  (2.6a) 
((C3H7N6)
+.(O-P(=O)-O-))n  (O-P(=O)-OH)n + C3H6N6 (2.6b) 
 
 
Figure 2.41: Decomposition/polymerisation of melamine (C3H6N6.
[101] 
 
The cross-linking action of many condensed-phase flame retardants, particularly those containing 
phosphorus can be attributed to dehydration of oxygen- and nitrogen-containing polymers,[34, 101] 
leading to formation of carbon-carbon double bonds and the release of water or ammonia, which 
acts as a vapour-phase heat sink and diluant.[101] This mechanism is especially prominent for 
ammonium polyphosphate (APP) and MPP.[101] This process is usually Lewis-acid catalysed, and 
illustrated below in Equations 2.7a and 2.7b for a simple primary alcoholic moeity: 
 
R-CH2-CH2-OH + H
+  R-CH2-CH2-OH2
+  R-CH2-CH2
+ + H2O (2.7a) 
R-CH2-CH2
+  R-CH=CH2 + H
+ 
   (2.7b) 
 
In addition to APP and MPP, certain classes of organophosphorus compound find use, such as 
alkyl and aryl phosphates, phosphonates and phosphinates, although for some applications, the 
use of these compounds is limited by the upper limit of their processing temperatures.[101] 
Typically, 2 wt% of phosphorus in a polymer is adequate to provide sufficient flame retardant 
performance.[1] Reactive phosphorus flame retardants also exist, such as 9,10-Dihydro-9-Oxa-10-
Phosphaphenantrene-10-Oxide (DOPO), which can be reactively incorporated into a polymer 
(usually thermosets) during processing to provide polymer-bound condensed phase (by P-acid 
formation) and possible vapour-phase (by PO. emission) FR activity.[101, 106] 
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Other examples of barrier-forming compounds involve examples that are not primarily based on 
carbonaceous char formation and these include silica and nanoclays, whereby their incorporation 
into a polymer not only promoted formation of a surface ceramic barrier but also can improve 
char yields[2, 34 101, 102] though these wholly inorganic species must often be modified before 
incorporation to improve polymer compatibility especially with hydrophobic polymers such as 
polypropylene. [2, 34 101, 102] Formulations incorporating dispersed nanoclays are generally dubbed 
nanocomposites,[2, 34 101, 102] and the barriers formed during the degradation of polymers 
containing such additives is generally due to the migration of the clay particles to the combusting 
surface.  [2, 34 101, 102] Some char promotion activity is observed in even polymers with no inherent 
char-forming character such as polypropylene possibly due to the formation of acid sites within 
the clay structure which allows reaction with the decomposing polymer[2, 34 101, 102] and so increases 
the potential for char promotion; this is especially observed in polymers containing heteroatoms. 
[2, 34 101, 102] Similar barrier formation effects have been observed through coalescence of carbon 
nanotubes when incorporated into polymers. [2, 34 101, 102] Certain metal oxides, such as those of 
iron (III) and titanium (IV) (Fe2O3, TiO2), are also capable of both promoting char in certain 
polymers and reducing heat release upon burning, though these factors are sensitive to the size of 
the particles used.[101] 
 
Active Vapour Phase Radical Quenching 
Several chemical species are known to interfere with the vapour-phase combustion processes by 
oxidative catalysis, converting highly reactive radical species such as hydroxyl and hydride radicals 
(see Section 2.2),[2, 49, 101, 103, 104] into inert species such as water,[2, 49, 101, 103, 104] in addition to acting 
as diluants as described above.[1] These processes can terminate the combustion chain reaction if 
sufficient concentrations can be achieved, by the chemical simple cycle outlined in Equations 2.8a 
and 2.8b.[2, 49, 101, 103, 104] 
 
X. + H.  H-X  (2.8a) 
H-X + HO.  X. + H2O (2.8b) 
Where X is Cl, Br or PO radicals 
 
Halogens 
The species most commonly known to display this behaviour are halide radicals (specifically Cl. 
and Br.), and some phosphorus species (such as PO. and HPO.) although far less well-known 
known instances of elements such as iron (in the form of ferrocene) are considered to exist.[107] 
Generation of the active “X” species in Equation 2.8, especially where X = Cl and Br, commonly in 
the form of organohalide species, is outlined in Equation 2.9.[2, 49, 101, 103, 104] The halides are 
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particularly advantageous when compared with certain other flame retardant systems in that 
because of their relativiely high respective atomic weights, large relative concentrations can be 
incorporated into organic molecules, although on a “molecule-for-molecule” basis, phosphorus is 
significantly more effective as a flame retardant,[101, 108, 109] and bromine is more effective than 
chlorine in the vapour phase.[2] 
 
R-X  R. + X.  (2.9) 
Where R is an organic radical. 
 
 Vapour phase FRs can have an advantage over condensed-phase species in that specific moieties 
in the polymer (such as oxygen or nitrogen heteroatoms to aid char promotion) are not required 
as these compounds act primarily in the gas phase, and as such find use in both commodity and 
high value systems.[101] The halides are effective in the vapour phase, but this is increased many-
fold with the inclusion of certain synergistic compounds, as outlined below. The phenomenon of 
synergism relies on the reaction of the hydrohalic acids formed with certain metal oxide species 
and the formation of more effective volatile metal halides. Examples of organohalide compounds 
used are shown below in Figure 2.42, though some of these compounds (TBBPA and TBPA) are 
reactive rather than additive species, the former of which are more commonly used in thermo-
setting polymers.[101]  
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Figure 2.42: Molecular organobromine compounds. TBBA = tetrabromobisphenol A (reactive), 
PDBE = polybromodiphenyl ether (additive, being phased out due to health and environmental 
concerns), HBCD = hexabromocyclododecane (additive) and TPBA = tetrabromophthalic anhydride 
(additive).[8-12, 101] 
 
More recently, given the environmental concerns over molecular organohalide flame retardants, 
polymeric bromine-containing species have been developed which include brominated 
polystyrenes and polybenzacrylates, as illustrated below in Figure 2.43.[8-12, 110] Both these have 
special relevance to this thesis. 
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Figure 2.43: Polymeric brominated polystyrene (left), and pentabrominated poly 
(benzacrylate).[110] 
 
The HX produced by halogenated flame retardants because of its acidity can also catalyse the 
formation of barriers through char-promoting reactions within certain polymers.[1] Furthermore, 
polymers, such as PVC and PVDC, inherently release HCl or similar species when degrading to 
leave an unsaturated, char-forming carbon backbone and are thus inherently flame retardant, as 
previously mentioned in Section 2.3.[2, 68]  
 
Phosphorus 
In addition to the well documented condensed-phase mechanisms as outlined above,[101 103, 104, 111] 
phosphorus is another element known to exhibit vapour-phase flame retardant behaviour via the 
PO, HPO and HPO2 species.
[101] Examples of the mechanism by which these species interact in the 
vapour phase are shown in Equations 2.10a to 2.10d. 
 
PO. + HO.  HPO2  (2.10a) 
HPO2 + H
.  PO. + H2O  (2.10b) 
HPO2 + H
.  PO2
. + H2  (2.10c) 
HPO2 + HO
.  PO2
. + H2O (2.10d) 
 
Examples of vapour-phase active phosphorus FRs include aluminium diethylphosphinate,[105] RDP 
and BDP,[111] elemental phosphorus (red allotrope) and DOPO when incorporated into thermoset 
resins.[101, 106, 112] In a similar manner to halogenated FRs, phosphorus-containing compounds must 
first decompose (pyrolyse, as per Equation 2.9) in order to release the active species into the 
vapour phase, although this often requires more degradation steps than for brominated 
species.[105] This is due to the multivalent nature of phosphorus: multiple bonds must often be 
broken compared with a single bond of brominated species. A possible mechanism for the 
degradation of aluminium hypophosphite, a precursor to the aluminium alkylphosphinates is 
outlined in Equations 2.11a to 2.11c, demonstrating formation of active vapour phase precursors 
(P4, PH3, H3PO2).
[112] The vapour-phase activity of many phosphorus FRs is also often observed in 
concert with condensed-phase behaviour, due to the cross-linking character of phosphorus acids 
described above. When comparing the below with compounds such as aluminium 
diethylphosphinate, additional degradation steps involving the loss of alkyl moieties occur.[105] 
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Given the chemical versatility of phosphorus with respect to both oxidation state and valence, a 
large number of potential FRs based on this element could be produced. 
 
Al(H2PO2)3  Al2(HPO4)3 + PH3   (2.11a) 
Al(H2PO2)3  Al2(PO4)3 + H2O + H3PO2 + P4 (2.11b) 
Al(H2PO2) + Al2(HPO4)3  AlPO4 + Al4(P2O7)3 + P4 (2.11c) 
NB: equations are non-stoichiometric.[112] 
 
Other Elements 
Several elements other than the halogens and phosphorus are known to display vapour phase 
flame retardant activity including several metals, most notable of which is iron.[108, 113-115] The 
active species in this case is FeOH,[113, 114] which reacts with various highly energetic radicals as 
outlined in Equations 2.12a to 2.12c.[113, 114] Several further reactions, involving atmospheric 
oxygen and the highly reactive singlet oxygen, create an alternate cycle, as outlined in Equations 
2.12d to 2.12g.[114]  
 
FeOH + H.  FeO + H2  (2.12a) 
FeO + H2O  Fe(OH)2  (2.12b) 
Fe(OH)2 + H
.  FeOH + H2O (2.12c) 
Fe + O2  FeO2   (2.12d) 
FeO2 + O
*  FeO + O2  (2.12e) 
FeO + H.  FeOH  (2.12f) 
FeOH + H.  Fe + H2O  (2.12g) 
 
Both of these pathways proceed via the variable oxidation states of the transition metal, although 
actual exploitation of this chemistry encounters difficulties due to the lack of appropriate iron-
containing additives for inclusion in polymers. Several studies into the vapour-phase effect of iron 
on flames have made use of the highly toxic iron pentacarbonyl (Fe(CO)5), a volatile, bright red 
liquid inappropriate for such applications.[113] Other iron compounds such as the organometallic 
complex ferrocene (Fe(C5H5)2) are more suitable for this role but may not be suitable for some 
applications due to their vibrant colouring (bright orange),[116] and limited processing temperature 
(b.p. 250 oC),[116] but both produce the same effect in terms of flame retardancy.[114] In terms of 
molecular effectiveness, iron is deemed to be up to two orders of magnitude more effective than 
bromine in vapour phase flame retardancy.[108, 113, 114] 
 
Finally, certain organic radical precursors, specifically compounds containing azo and substituted 
hydroxylamine functionalities, can function as flame retardants by acting as radical traps.[117] 
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2.4.3: Synergy 
Synergy is the ability of two different compounds to react together to improve their effectiveness 
to a level greater than the sum of their separate components. [2, 49, 101, 103, 104] The most common 
groups of synergist/flame retardant combinations are discussed below, with specific examples of 
inorganic compounds displaying the behaviour highlighted. 
 
Vapour-Phase Synergy 
Vapour-phase flame retardant synergy is generally only observed for halogen-containing FRs, 
although in combination with phosphorus, another element known to display vapour-phase 
behaviour, synergy between two vapour-phase-acting elements is known. These are discussed 
below.  
 
Antimony Trioxide-Halide Synergy 
One of the most well-known synergies is that between organohalides and antimony trioxide (ATO, 
Sb2O3), a combination which provides excellent vapour-phase flame retardance far greater than 
the sum of the individual component effects, although the combination has been cast into 
negative light in recent years due to the potential carcinogenicity of ATO and environmental 
concerns over the accumulation of halogen flame retardants.[2, 49, 101, 103, 104] It should be noted that 
the presence of ATO alone in a polymer rarely shows any flame retardant effect at all, and this is 
typical of other successful synergists. The interactions between the hydrogen halides and ATO 
involve a complex series of chemical reactions which, via a range of oxyhalide intermediates, 
progressively and steadily release SbX3, where X = Cl or Br, as outlined for chloride-ATO 
interactions in Equations 2.13a to 2.13d.[31, 49, 101] 
 
Sb2O3 + 2HCl  2SbOCl + H2O (2.13a) 
5SbOCl  Sb4O5Cl2 + SbCl3 (2.13b) 
4Sb4O5Cl2  5Sb3O4Cl + SbCl3 (2.13c) 
3Sb3O4Cl  4Sb2O3 + SbCl3 (2.13d) 
 
Once produced, SbCl3 or SbBr3, with boiling points of 220 and 288 
oC respectively, enter the 
vapour phase whereby they are progressively reduced into elemental Sb, while absorbing hydride 
radicals, as outlined in Equations 2.14a to 2.14c.[31, 49, 101] The produced hydrohalic acids can thus 
react in the fashion described above.[31, 49, 101] 
SbCl3 + H
.  HCl + SbCl2  (2.14a) 
SbCl2 + H
.  HCl + SbCl  (2.14b) 
SbCl + H.  HCl + Sb  (2.14c) 
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The resulting elemental antimony can further react with hydroxyl radicals to form SbOH which 
leads to additional reactions with  these and hydride radicals into molecular hydrogen, as outlined 
in Equations 2.15a to 2.15c.[31, 49, 101] 
 
Sb + HO.  SbOH  (2.15a) 
SbOH + H.  SbO + H2  (2.15b) 
SbO + H.  SbOH  (2.15c) 
Figure Z: Reaction of elemental antimony with hydroxyl and hydride radicals.[31, 49, 101] 
 
Halide-Zinc Stannate Synergy 
Synergy has also been observed between halogenated flame retardants and metal oxide 
compounds such as zinc stannate and zinc hydroxyl stannate (ZnSnO3 and ZnSn(OH)6).
[110] It is 
plausible that the hydrohalic acids produced by brominated flame retardants react with these zinc 
stannates in a similar manner to ATO described above with volatilisation of either the tin 
component (as SnX4) or the zinc component (as ZnX2),
[110] both of which display a high degree of 
volatility at the temperatures associated with combustion conditions. Synergistic halogen-ATO 
flame retardant formulations, while effectively reducing the flammability of the surrounding  
polymer, also generally cause the latter to burn with a far smokier flame due to suppression of 
vapour-phase oxidation of smoke precursor compounds (see Section 2.2) However, it has been 
shown that zinc stannate, when used as an alternative synergist in place of ATO, significantly 
reduce the amount of smoke produced in PA6 and PA66 formulations.[110] Zinc hydroxy stannate is 
preferred to zinc stannate in polymers having low processing temperatures (e.g. < 150 oC), such as 
PVC and vinyl polyester resins, while zinc stannate can be added to most polymers being 
processed within the 150-350 oC temperature range. 
 
An enhanced degree of condensed-phase char promotion potential is also observed in zinc 
stannate-halogen formulations in PA66 in particular, which can possibly be explained by the 
Lewis-acidic action of the intermediate metal oxyhalides[118] formed during the production of the 
volatile metal halides promoting the formation of cross-links between the polymer chains and 
ultimately char.[118, 119] The metal halides themselves are also active Lewis acids in the condensed 
phase.[118-120] Studies have indicated that zinc stannate is of low to zero toxicity,[121, 122] and as such 
is an appropriate replacement for ATO in halogenated FR systems,[110, 122] and can be used to 
suppress smoke formation in PVC.[119] 
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Halide-Phosphorus Synergy 
FR synergy has long been known to exist between phosphorus and halogen flame retardants.[101] 
Due to the chemical versatility of the former, especially with regards to its facility of bonding to 
carbon, a wide range of organic compounds containing both elements exist,[101] the mechanism of 
action of which can be ascribed to the formation of phosphorus halides (PX3) and oxyhalides 
(PxOyXz), volatile species which act in the vapour phase in a manner akin to the metal halides 
outlined above.[101] These compounds could also act as acids in the condensed phase to promote 
the formation of char.[101] 
 
Borate-Halide Synergy 
A class of compounds displaying a wide range of synergy are the borates, of which the most 
common class are the zinc borates (Zn2B2O5/Zn2B6O11), although recent concerns over the 
potential reproductive toxicity of these compounds have been reported.[20] Borates generally act 
synergistically with other flame retardants in the condensed-phase, discussed below, although 
vapour phase activity has been detected in combination with halogen flame retardants,[123, 124] 
with the observed synergistic behaviour likely as a result of the formation and vapour-phase 
interactions of BX3.
[124] 
 
Other Metals and Synergy with Halides 
A wide range of elements other than those outlined above are known to display a degree of 
synergy with halides, for example, as smoke suppressants in polyvinylchloride (PVC). Examples 
include iron, titanium and molybdenum oxides.[68, 125, 126] 
 
Condensed-Phase Synergy 
In addition to the many species which interact synergistically with halogen FRs, a number of 
condensed-phase combinations are known to exist. These are outlined below with specific 
examples of synergistic inorganic compounds highlighted. 
 
Phosphorus-Nitrogen Synergy 
One of the best known condensed-phase flame retardant synergies is that of the combination of 
phosphorus and nitrogen especially with regard to their effect on cellulosic polymers and the 
chemical versatility of both elements allows for a wide range of possible FR species.[101] The 
mechanism of action of phosphorus-nitrogen synergism can be attributed to the formation of 
effective chemical barriers, so-called phosphorus-nitrogen-(oxygen) (PNO) or phosphorus-
nitrogen-carbon glasses, which protect the underlying polymer from heat exposure, and can 
involve reaction of the FRs present with the polymer itself. The exact nature of the barrier present 
depends upon the host polymer, as P-N FR systems can react with polymers such as cellulose, 
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catalysing char forming reactions to form superior barriers. This can be combined with other 
effects as outlined above, including vapour-phase action of P or dilutant effects from N-based 
species.[101] The overall reactivity of P-N species can be considered greater than those of P-O due 
to the greater lability of the P-N bond.[101] 
 
A class of polymer containing purely inorganic backbones exist in the form of 
polyphosphazenes,[127] which are inherently flame retardant in their own right and can be 
produced with a range of organic side chains to achieve the desired properties and or 
compatibility with other polymers.[128, 129] These species are synthesised from cyclic trimers or 
tetramers, and functionlised as outlined in Figure 2.44.[127] While these polymers may not best be 
classed as a P-N synergistic system, they do illustrate the flexibility of the combined chemistry of P 
and N in the field of flame retardancy.  
 
 
Figure 2.44: Synthesis and functionalisation of polyphosphazenes. Nu- = Nucleophilic side-chain 
such as RO- or R2N. 
 
Other compounds containing both phosphorus and nitrogen include ammonium and melamine 
polyphosphates, described above.[101] The components of the latter of these compounds has been 
observed to interact synergistically, promoting the formation of PNO barriers to better protect a 
decomposing polymer from heat.[101, 105] 
 
Borate-Phosphorus Synergy 
In addition to displaying synergy with vapour-phase halogen FRs, borates are known to also 
display favourable interactions in the condensed-phase via formation of more cohesive barriers 
with phosphorus flame retardants.[105, 111, 123, 130, 131] These interactions are thought to occur by the 
Lewis-acidic interaction of the vacant p-orbital present on boron, and the formation of species 
such as BPO4.
[111, 124] Formulations also exist containing zinc borate where favourable interactions 
with melamine polyphosphate are observed.[111]  
 
Zinc Stannate-Phosphorus Synergy 
Zinc stannate has been shown to interact favourably with several phosphorus-containing flame 
retardant systems, with the most effectual behaviour observed with metal phosphinate salts and 
aryl phosphate/MPP mixtures.[132, 133] This behaviour could be explained by favourable oxide-
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phosphate interactions promoting the formation of greater char, although volatilisation of zinc (as 
phosphinate) has been observed with other salts (borates).[111] 
 
Other Oxide Synergies 
Both zinc borate and zinc stannate have been shown to favourably interact with metal hydroxides 
such as ATH or MH, both in bulk and coated onto the surface of the hydroxide particles which 
allows for better dispersion if a decomposing polymer.[101,115, 131, 134-138] These factors potentially 
allow for a reduction in the total loading of FR.[101] The improved performance is likely as a result 
of more cohesive mixed-oxide barrier formation. 
 
2.6: Flame Retardancy of PA66: Systems and Synergy 
From the above discussions of the mechanism of PA66 degradation (Section 2.4) and the general 
mechanisms by which flame retardants operate (Section 2.5), it is now possible to discuss in detail 
the current commonly used FR systems for PA66, and how these operate and interact with the 
decomposing polymer. A variety of FR systems exist for polyamides which act via a range of 
mechanisms, be they vapour phase, condensed-phase, or a combination of the two.[105] Flame 
retardant systems are discussed by chemical functionality rather than by mechanism of action. 
Most additives for PA66 are typically melt-blended with the polymer and are based either on 
bromine or phosphorus.  
 
2.6.1: Brominated Flame Retardant Systems 
Halogenated FR systems have been used to impart fire resistance to many polymers, including 
PA66 for at least 35 years,[139] and a range of brominated species exist to achieve this. In 
particular, aromatic and preferably polymeric brominated flame retardants (such as brominated 
polystyrenes) see use due to higher thermal stability and lower risk of leaching from the 
polymer.[34] Brominated flame retardants in PA66 are typically incorporated with a synergist such 
as antimony trioxide (ATO) or more recently, zinc stannate (ZnS, ZnSnO3) to improve their activity 
as outlined in Section 2.5,[31, 110] as on their own, BrFRs tend to require high concentrations (c.a. 
20 wt% Br) even to achieve less than commercially acceptable flame retardant performance (LOI 
extinction) in PA66.[34] With the incorporation of ATO or ZnS, however, excellent flame retardant 
performance (UL-94 V-0 ratings possible) can be achieved at 10 wt% Br, with the latter synergist 
producing far less smoke than the former, but also requires consideration of the precise molar 
ratio between Sn and Br.[110] While commonly deemed to act in the vapour phase, brominated 
flame retardants in PA66 can promote the formation of cohesive char in heteroatom-containing 
polymers such as PA66 via acid-catalysed cross-linking,[101, 118] which, in PA66, would most likely 
react readily with labile free amine groups, promoting the reactions outlined in Section 2.4, 
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although it has been demonstrated that the formation of free hydrohalic acids can catalyse the 
degradation of PA66.[140] 
 
2.6.2: Phosphorus Flame Retardant Systems 
As an alternative to the brominated flame retardant systems capable of imparting flame retardant 
behaviour to PA66, a range of phosphorus-containing species has been reported capable of 
achieving the same effect although very few have become commercially successful, including 
melamine polyphosphate, aluminium phosphinate(s) and red phosphorus.[31, 34, 72, 105, 141, 142] While 
brominated flame retardants generally act in the vapour phase,[110] phosphorus is capable of 
acting in both the condensed and vapour phases[105] and has been shown to be more effective, 
molecule-for-molecule than bromine as a vapour-phase radical scavenger.[101, 108, 109]  
 
The most basic phosphorus flame retardant that can be incorporated into PA66 is an allotrope of 
the element itself: red phosphorus (RP),[31, 34, 101] which was initially incorporated in bulk although 
developments have allowed for microencapsulation of RP within other species, such as melamine 
cyanurate.[101] There are a number of plausible mechanisms by which RP can impart flame 
retardant behaviour to a host polymer in either the vapour or condensed phases. In the former 
example, the element both readily sublimes releasing P4 (b.p. 416 
oC) which burns to produce 
P2O5,
[34, 143] a potent char former, and possibly the lesser oxides, which are capable of vapour-
phase radical scavenging.[101] In the latter combined system, evidence has been observed of red P 
acting in the condensed phase promoting the formation of cross-links between polymer chains.[34] 
Synergistic behaviour has been observed between RP and other nitrogen-containing flame 
retardants,[141] and in combination with nanoclays, compositions which are capable of achieving 
UL-94 V-0 classification in PA66.[8] This latter interaction is most likely the result of reactions of RP 
with both the clay and the polymer, although evidence suggests that non-oxidised P-based 
radicals assist with the formation of char in the condensed-phase.[8] 
 
More recently, a range of P-containing FR additives have been produced which find use in PA66, 
including aluminium diethylphosphinate (AlPi, Al(O2PEt2)3), melamine polyphosphate (MPP, 
(C3H6N6.HPO3)n) and combinations of these two species,
[72, 105, 142] which have shown to be 
synergistic in PA66 and similar polymers.[34] The former of these two species is thought to act 
primarily in the vapour phase  by evolution of PO. radicals, and the latter primarily in the 
condensed phase by acid-catalysed cross-linking of the heteroatom-containing amide 
functionality present in PA66.[72, 105, 142] Synergy has been observed between AlPi, MPP and various 
metals, including aluminium,[72] zinc[72, 105] and magnesium,[72] whereby barrier formation is 
improved by interaction of metal oxides and phosphate moieties and the aforementioned 
interactions with the polymer,[72, 105] as further shown by the addition of zinc borate to AlPi/MPP 
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in PA66, which produces more cohesive barriers due to favourable Lewis acid-base interactions 
between produced phosphates and boron oxide.[34, 105] Phosphorus oxynitride (PON) chars have 
been shown to be the ultimate condensation products of compounds such as melamine 
polyphosphate, in addition to the effects outlined above.[34] PON residues have also been shown 
to display favourable barrier interactions with certain metal oxides (such as Fe2O3) in 
polyamides.[34] There is also evidence of the extraction and volatilisation of zinc from zinc borate 
in combination with AlPi in PA66.[105]  
 
2.6.3: Other Flame Retardant Systems 
Another method of producing FR behaviour in PA66 without the use of Br or P exists in the form 
of intumescent systems containing, for example, pentaerythritol, metal oxide, such as zinc oxide, 
filler such as glass fibres and a masked acid source (such as a sulphate ester).[144] These react 
together and with the polymer at elevated temperatures to form an insulating expanded char 
which protects the underlying polymer from further exposure to heat and degradation.[144] 
Unfortunately, very few intumescents are thermally stable at the processing temperatures of 
PA66 and so they remain of research interest only. 
 
2.6.4: Smoke Production 
As with many other polymers, the addition of flame retardants to PA66 generally increases the 
amount of smoke produced when the polymer is combusted.[105, 145] This observation can be 
ascribed to a number of possible mechanisms, related to the formation of smoke (soot) particles 
outlined in Section 2.2. Condensed-phase char promoters, such as phosphorus acids, which act by 
cross-linking their host polymer to form a graphitic char, could also display this behaviour in the 
vapour phase, serving to nucleate and catalyse the formation of smoke particles.[145] In a related 
fashion, the suppression of oxidation of smoke precursors by vapour-phase radical flame 
inhibitors,[105, 145] such as the halogens and phosphorus species such as aluminium 
diethylphosphinate, will also result in an increase in the amount of smoke produced, though for 
the latter, a combination of both mechanisms is likely in play.[105, 145] Certain compounds, such as 
zinc stannates are known to reduce the production of smoke in combusting polymers, especially 
when used as synergists with halogenated flame retardants in place of antimony trioxide.[110, 146, 
147] This behaviour can possibly be attributed to condensed-phase Lewis-acidic activity of the 
metals present particularly zinc, as also observed with zinc borate, acting to cross-link the 
polymer.[148, 149]  
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2.6.5: Conclusions and Relation to the Project 
It can be concluded from the above that the existing range of flame retardant species and 
synergists appropriate for use in PA66 is often limited in usefulness by the high processing 
temperatures required for use of PA66 (up to 280 oC) due to their limited thermal stability at the 
required temperatures.[31, 34] The known flame retardant and PA66 degradation mechanisms 
suggest that interactions  with PA66  to improve FR performance will most likely result from 
catalysis of cross-linking by emission of ammonia (condensation of amine/amide groups) or 
formation of C=C bonds by dehydration, or by synergistic interactions with other (P or Br 
containing) flame retardant species in a similar manner to those outlined above.  
 
As outlined above, many metal oxides display synergistic behaviour with both bromine and 
phosphorus-based flame retardants, though several of these, such as antimony trioxide are of 
environmental concern. As such, in keeping with the aims of this project, any target compounds 
must be readily produced by aqueous means, water insoluble, non-toxic and capable of 
withstanding PA66 processing temperatures (280 oC) while displaying favourable activity during 
the degradation either inherently or in combination with Br- of P-containing flame retardants and 
inorganic (and organometallic) chemistry provides a wealth of potential species for replacement 
of hazardous compounds with non-toxic alternatives. 
 
2.7: Determination of the Mechanism of Action of Flame Retardant Compounds and Fire 
Performance Testing of Flame-Retardant Polymer Composites 
As mentioned above in Section 2.5, flame retardant systems must often be matched to a polymer 
for optimal performance and flame retardant compounds can exhibit different mechanisms of 
action depending upon the polymer they are incorporated into. Exact analysis of the combustion 
of a polymer, while not impossible, is difficult, and as such it is often prudent to analyse the 
degradation products of a flame-retarded polymer in a non-combustion mode and/or the 
products of combustion, be they gaseous or solid. Also, determination of the mechanism of action 
of flame retardants requires a multifaceted approach involving a wide range of experimental 
methods each of which may shed light on aspects of its character. From analysis of these factors, 
the method of action of a flame retardant and its effect on the degradation of its host polymer 
can be inferred. Such analytical methods can be divided into four categories, which are discussed 
in greater detail below:  
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 Thermal degradation-evolved gas analysis (2.7.1 and 2.7.2 below): 
o Thermogravimetric Analysis-Fourier Transform FTIR (TGA-FTIR) 
o Pyrolysis-FTIR (Pyr-FTIR) 
o Thermogravimetric Analysis-Gas Chromatography Mass Spectrometry (TGA-
GCMS) 
o Pyrolysis-Gas Chromatography Mass Spectrometry (Pyr-GCMS) 
  Residue analysis, investigating the condensed-phase residues of combustion by a range 
of techniques (2.7.3 below): 
o X-Ray Fluorescence (XRF) 
o Fourier-Transform Infra-Red (FTIR) 
o Atomic-Absorption Spectroscopy AAS 
o Inductively-Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) 
o Mass Spectrometry (MS) 
o Scanning Electron Microscope (SEM) 
o Transmission Electron Microscope (TEM) 
 Small-scale fire indicative fire tests (2.7.4 below): 
o Underwriters Laboratories UL-94 
o Limiting Oxygen Index (LOI) 
o Cone calorimetry 
o NBS Smoke Density Chamber (Smoke box, SDC) 
o Flame spread 
 Large scale fire testing, more commonly used on finished products to test the real-world 
performance in worst-case end-use applications. These are largely irrelevant to this thesis 
and are not discussed in any detail. 
 
2.7.1: Vapour-Phase Analysis - Thermogravimetric Analysis, Pyrolysis, Fourier-Transform Infra-
Red and Gas-Chromatograph Mass Spectrometry 
Analysis of the polymer degradation can be determined using techniques such as 
thermogravimetric analysis (TGA) or pyrolysis (Pyr) where the generated volatiles are coupled to 
chemical analyser such as Fourier-transform infra-red (FTIR) or gas-chromatograph mass 
spectrometer (GCMS). The former of these analytical methods is common whereby a small 
polymer specimen (~10 mg) is heated at a relatively slow rate (with respect to a fire scenario, 
normally in the range of 5-50 oC/min), and the mass loss with temperature is measured. 
Isothermal (constant temperature) and variable heating rates can also be used to determine 
reaction kinetics. Such experiments are normally performed under a flow of gas, such as air, 
nitrogen or more rarely argon or helium. Pyrolysis involves the similar heating of a small sample (5 
mg), albeit at a much higher heating rate (c.a. 1000 oC/s) than used for TGA, causing the rapid 
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decomposition and volatilisation of the sample, more akin to the conditions that would be 
encountered in a fire scenario. In the case of the TGA equipment available at Bolton, this is also 
combined with differential thermal analysis, whereby the analyser contains two crucibles, one 
which contains the sample and the other is a reference. Through measurement of the 
temperatures of these crucibles by means of thermocouples built into the supporting arms, and 
calculations which take into account the mass of the sample and the positive or negative 
difference in temperature, determination and magnitude of endo or exothermic processes 
occurring in the sample pan can be determined. While useful, as a large amount of data can be 
gathered with a single experiment, this technique is semi-quantitative at best, and as such, fully 
quantitative measurements are better performed using differential scanning calorimetry (DSC), 
which operates on a similar principle, although a reference sample with a well-defined heat 
capacity over the analysis temperatures is used to allow for a quantitative comparison with the 
sample.[150, 151] More modern TGA analysers are beginning to incorporate DSC instead of DTA.[152]  
 
Connecting the exhaust of TGA or Pyr to FTIR or GCMS allows the determination of the contents 
of the gas stream or gaseous mix to be determined. FTIR enables identification of the vibrational 
modes of the molecules being analysed, exciting them with thermal (infra-red) radiation. Specific 
functional groups have a distinct pattern of peaks from which their presence can be determined, 
even in the company of other molecular species, allowing mixtures to be analysed. TGA-FTIR and 
TGA-GCMS can be used as a flow process, whereby the change in concentration of evolved 
species can be monitored over time or temperature and correlated with the mass losses 
observed.  Conversely, Pyr-FTIR or Pyr-GCMS can more usually only give a snapshot of the 
degradation products rather than a profile as previously described, but the FTIR analysis allows for 
determination of the range of compounds in a mixture nonetheless. GCMS, in contrast to FTIR, 
analyses the exact mass of a (range of) molecule(s) by ionising them and accelerating the resulting 
charged fragments to a high speed through a magnetic field, which causes their deflection 
depending on the mass to charge (m/z) ratio of the molecule. The resolved ions then collide with 
a detector which generates an electrical signal, giving an absolute indicator of the mass to charge 
ratio (m/z) of molecules present. A range of mass/charge ratio values will often be observed as 
some molecules fragment into a number of more stable components during the ionisation and 
acceleration process, giving an indicator of constituent moieties within the analyte. The gas 
chromatograph (GC) portion of the analyser serves to separate the range of species in the sample 
into separate components for clearer and more ready interpretation of results.  
 
Detection of certain active flame retardant species, such as hydrogen or metal halides (HCl, HBr, 
SbBr3, etc.), can be complicated by the tendency of these compounds to react with metals (i.e. 
ducting) especially at elevated temperatures, leading to erroneous levels of or no detection at all. 
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TGA/DTA  and TGA_FTIR were used extensively in this project and as such, greater experimental 
detail can be found in Chapter 3. 
 
2.7.2: Spectroscopic Flame Analysis 
In addition to the above, flames themselves can be analysed spectroscopically via a range of 
methods including Raman (Laser),[153] and optical/UV analysis of elemental emission lines.[154, 155]  
 
The former of these techniques uses a laser to fully excite the vibrational states within molecules 
present in the flame, or other sample, and records the decay of these states back to their more 
stable configurations via a series of quantified energy levels. These are unique to each molecule 
and as such allow for determination of what species are present in a solid, liquid or gaseous 
(including plasma) sample such as a flame, as the intensity and pattern of emission wavelengths 
are unique to each species.[153, 156] 
 
 The second technique employs the collection of light emitted by a flame and resolved flame into 
its component spectrum by a diffraction grating which may be quantitatively analysed. 
Techniques such as atomic absorption (AA) or inductively-coupled plasma (ICP) spectroscopy use 
the same method to detect specific elements,[157] and similar to Raman spectroscopy, optical or 
UV emission spectroscopy can be used to determine elements or species within a flame by 
comparison of observed emission lines with known wavelengths.  
 
These techniques can be employed at different points along a flame to determine the change in 
concentration of species along the profile of the flame. 
 
2.7.3: Residue Analysis 
In addition to analysis of the vapour-phase products of polymer samples to determine 
combustion processes, a number of techniques can be utilised to analyse solid residues that 
remain after combustion. Sources of analytes can include chars from cone calorimetry, smoke 
density measurements, TGA residues and burnt UL-94 and LOI samples.  
 
A number of non-destructive techniques can be used to analyse chars, which can be generated 
from fire tests, such as cone calorimetry. For example, X-Ray Fluorescence (XRF),[157, 158] 
determines the elemental composition of a sample (and usually elements heavier than S) by 
exciting the low-lying electrons in an atom with X-rays and measuring the observed emissions. 
This can be used to quantitatively measure heavier elements, such as metals from flame retardant 
species which may promote the formation of char, although lighter elements (i.e. hydrocarbons) 
are difficult or impossible to detect quantitatively. Fourier-Transform Infra-Red (FTIR), as outlined 
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above can also be utilised for solid samples, and more readily shows the presence of organic 
moieties which may be present in char, as evidenced by the presence of vibration lines that 
correspond to specific functional groups. Simple gravimetric measurements, combined with 
elemental analysis, give an indicator of how much of a sample has been combusted, and how 
much of given active flame retardant elements (such as P, Br, Sn, Sb, etc.) have been retained in 
the char, and how much has been volatilised.[105, 159] Such equipment is already included in some 
fire testing equipment (cone calorimeter), and thus, when combined with other analytical 
techniques, a more complete picture of fire retardant mechanisms are readily achieved. 
 
Morphological (destructive) analysis of chars includes techniques such as Scanning Electron 
Microscopy (SEM). SEM uses a sample coated in very thin layer of a conductive element (such as 
gold or platinum), at which a beam of electrons is fired. These electrons interact with the atoms in 
the sample and produce secondary electrons with intensities proportional to the underlying 
target electronic density which may be collected as an electronic image having a high resolution 
>10nm, ultra-high magnification (up to 500000x).[160] This electronic image is translated into an 
optical image representing the char morphology (as surface features), and when combined with 
analysis of the X-Rays emitted by the sample, the determination of those elements present, for 
example, work published by Braun et. al, where PA66 chars were analysed for structure and 
retention of inorganic elements.[105, 160] Solid-state NMR of typical elements for the technique (13C, 
1H) can also be utilised to determine the organic moieties remaining in a char sample, and analysis 
of heavier elements having nuclear spins(Sb, Sn, Br, 31P) can be used to detect any retained flame-
retardant active species, and the chemical states these might occupy.[105] Preparation of the 
sample however is destructive in that it must be finely ground and densely packed into a specially-
designed container, as this is required to spin at certain angles at very high rotational speeds, 
unlike liquid-phase or solution NMR, whereby the sample rotates along the axis of the containing 
tube at relatively low speeds. While elemental analysis of a char sample can be conducted non-
destructively by techniques such as XRF (described above), more quantitative analysis can be 
achieved by extracting any acid or base soluble species from the sample by digestion. This 
normally entails the dissolution of the sample in concentrated nitric acid, which serves to break 
up the organic components while leaving dissolving the inorganic (metals, phosphorus, bromine, 
etc.), allowing for analysis as a solution by a number of means, including AA, ICP, and XRF.[161]  
 
2.7.4: Small Scale Fire Testing 
Small scale, indicative fire tests, such as LOI, UL-94 and cone calorimetry are used to quantify the 
burning behaviour of flame-retarded polymer samples which may end up incorporated into end 
products. These can be used to quantify the effect of FRs on a polymer, and the three 
aforementioned examples were used extensively as part of this project. As such, the experimental 
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details of these methods are fully explained in Chapter 3. There is often little correlation between 
the small-scale fire tests outlined here and larger, often room-scale tests of final products, but 
LOI, UL-94 and cone-calorimetry often display good correlation where improved fire performance 
is seen.  
 
UL-94: 
The UL-94 is a plastics flammability standard initially released by Underwriters Laboratories (USA), 
and now adopted generally as a simple means of rating the ignition resistance of polymers. The 
test involves the ignition of a vertically-held polymer sample from the base with a Bunsen burner 
flame for 10 s. The burning time of the sample is measured, and the ignition and time 
measurement repeated should extinction occur. A number of time parameters are applied to the 
total burn time for each sample and whether or not burning drops occur.  
 
While sample preparation and testing are facile, limited information beyond burning time and any 
visual observations are available, and when testing according to the standard (ISO 1210)[162] a 
single poor or erroneous result can mar the performance of a sample set, although this variation 
can be noted and additional samples tested accordingly. UL-94 can be deemed to be a “pass-fail” 
test, whereby a sample either resists ignition (V-0, V-1 or V-2) and passes, or readily ignites and 
performs poorly (fails), and as such is an approximate indicator of whether a sample possesses 
any desirable flame retardant characteristics, although additional results from other techniques 
with differing burning modes (LOI) are often advantageous when comparing different samples 
within a series.  
 
LOI: 
The limiting oxygen index (LOI) test, as exemplified in the ISO 4589-2 and ASTM 2863 
standards[163, 164] involves the ignition from the top of a polymer sample contained in a glass tube 
through which flows a mixture of synthetic air containing a known amount of oxygen. This level 
can be varied to produce a more oxygen rich environment for ignition resistant samples. After 
ignition, the burning time is measured.  
 
In conjunction with the UL-94 test, LOI gives a clearer picture of the burning behaviour of a 
sample, as a sample displaying an improved UL-94 result will generally also show an increased LOI, 
although some differences occur due to the different burning modes employed by the two 
techniques; UL-94 samples are suspended from the top and ignited from below, and the inverse 
for LOI. While the technique requires more investment of time than UL-94, LOI is advantageous in 
that it produces a numerical value of flammability with error range, rather than a variable 
classification for each set within a series.  
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Cone Calorimetry: 
The cone calorimeter [165, 166] is a complex piece of equipment developed by Babrauskas,[165] and is 
commonly used according to the ISO 5660-1 standard, in which the burning of a polymer sample 
is forced using a conical heater. The sample is placed upon a mass balance, and the combustion 
gases sampled using CO, CO2 and O2 analysers to determine the amount of heat produced using 
oxygen consumption theory.[165, 166] Smoke is also determined using a laser across the exhaust 
duct.  
 
Cone calorimetry produces a large volume of data and gives much opportunity for comparative 
analysis between samples in a series, although this is offset by extensive sample preparation time, 
the necessary calibrations of the equipment and increased analysis and interpretation time when 
compared to other techniques such as UL-94 and LOI. The data collected includes factors such as 
times to ignition, peak heat release and flameout; rate of mass loss, heat release and smoke 
production; total heat production and total smoke production. Any non-time factors are generally 
quantised to the area of the samples (expressed as X/m2), though some, such as effective heat of 
combustion (EHC), are expressed by unit weight.  
 
When compared to the far simpler UL-94 and LOI tests another burning mode is introduced into 
fire analysis. Samples are forced to decompose under the conical heater of the analyser and when 
the concentration of flammable gases reaches the critical concentration, are ignited by the spark 
igniter. The generally utilised heat fluxes for cone calorimetry testing are 35 and 50 kW/m2, the 
latter of which will result in the combustion of all but the most thermally resistant samples.  
 
NBS Smoke Chamber (Smoke Box) 
The NBS Smoke Chamber (ASTM E662/ISO5659)[167, 168] utilises a similar setup to the cone 
calorimeter (see Chapter 3) contained within a closed box. Polymer samples are exposed to heat 
and the obscuration made by the produced smoke is measured using a laser, the measured 
attributes being time to and level of maximum smoke density. The effluent produced by the 
sample can also be analysed for toxic species by FTIR. However, as cone calorimetry also provides 
smoke levels from the similar combustion of samples along with a significant amount of other 
combustion information, smoke box testing was not used in this project.   
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Chapter 3: Experimental 
 
3.0: Introduction 
This section details experimental procedures common to more than one chapters of this thesis. 
Where specific experimental techniques are unique to a single chapter, the details of these are 
discussed there, but the sections are included below for ready reference. 
 
Chapter-Specific Experimental Information 
Section 4.2 details the materials used, synthesis and characterisation of six metal oxalates, the 
preparation of impregnated cotton samples containing these compounds and the testing of their 
flame retardant efficacy using a simple horizontal burn rate test.  
 
Section 5.2 details the materials used and synthetic screening of a wide range of inorganic flame 
retardant candidates (FRCs), the preparation of powdered PA66 for screening purposes and the 
preparation of mixed powder compositions for screening of the FRCs. The TGA/DTA analysis used 
is described in detail below in Section 3.1. 
 
Section 6.2 details the materials used, general synthetic procedures and calcination conditions for 
the scaled-up syntheses of the selected FRCs.  
 
Section 7.2 details the matrices of samples prepared as part of the FRC/phosphorus interaction 
study. The details of the sample preparation, TGA/DTA analysis and fire testing are presented 
below in Section 3.1.  
 
Section 8.2 details the matrices of samples prepared as part of the FRC/bromine interaction 
study. The details of the sample preparation, TGA/DTA analysis and fire testing are presented 
below in Section 3.1.  
 
Section 9.2 details the matrix of samples tested by decomposition TGA-FTIR, and char analysis by 
XRF and FTIR (methods described below). 
 
3.1: Thermal Analysis for Screening of Flame Retardants Candidates and Thermal Stability 
Testing 
The primary thermal analysis technique used in this thesis was Simultaneous Thermogravimetric 
Analysis/Differential Thermal Analysis (TGA/DTA), coupled for certain experiments to Fourier-
Transform Infrared spectroscopy (TGA-FTIR). These are outlined below. 
 
57 
3.1.1 Simultaneous Thermogravimetric Analysis/Differential Thermal Analysis (TGA/DTA) 
All TGA/DTA experiments were performed using a TA Instruments SDT 2960 Simultaneous DTA-
TGA apparatus using platinum pans under a flow of either air or nitrogen at 100 ml/min. Unless 
otherwise stated, the heating rate used was 20 oC/min, and experiments were started from 
ambient temperature and run up to 600 oC. Samples were of 10-15 mg by weight, depending 
upon the nature of the analyte.  
 
The system collects the following data: experimental time and temperature and sample mass and 
the temperature difference between sample and reference pans with respect to 
time/temperature. Collectively, these allow for calculation of mass loss with time/temperature 
(TGA), rate of mass loss (DTG, differential TGA), and a semi-quantitative indicator of endo- or 
exothermic processes occurring in the sample pan relative to the reference (differential thermal 
analysis DTA), measured by using thermocouples built into the sample holders and dividing by the 
sample mass (output in oC/mg).  
 
A graphical example of the data collected is shown below in Figure 3.1, for pure PA66 under air. 
From the mass loss versus temperature (TGA curve), the green line , it can be seen that the 
degradation of this polymer occurs via a two-step process, the first between 370 and 480 oC and 
the second from 480 oC and onwards, representing the oxidation of char. From the DTA curve 
(blue line), a small endotherm around 90 oC is observed for the loss of adsorbed water, an 
endotherm at 260 oC, corresponding to the melting of PA66, followed by a slight endotherm at 
410 oC representing the onset of PA66 degradation and three exothermic peaks at 450, 470 and 
540 oC respectively representing the oxidative degradation of the polymer. 
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Figure 3.1: Example data collected from TGA/DTA for pure PA66 under flowing air. The green line 
is mass loss (in % of starting total) with temperature (TGA), and the blue line is the difference in 
temperature between the sample and reference pans (DTA). Note the drop at ca. 260 oC (the 
PA66 melting region). The rate of mass loss (DTG) can be derived from the TGA curve. 
 
This technique was used to analyse a variety of samples, namely inorganic powders, compounded 
polymer samples and mixes of powders for screening the FRCs with PA66.  
 
3.1.2 Thermogravimetric Analysis Coupled to Fourier-Transform Infra-Red Spectroscopy (TGA-
FTIR) 
TGA-FTIR experiments were performed as described in which the exhaust of the SDT 2960 was 
connected to a heated FTIR gas cell (20 cm path length, 250 oC, Thermo-Fisher Nicolet iS10) via a 
heated gas line (250 oC). To provide a common start point for both analytical methods, a non-
recorded 5 minute isothermal step at 100 oC was included into the TGA/DTA procedure. When the 
TGA/DTA ramp with data recording began (from 100 oC), the FTIR data collection was immediately 
started. FTIR background collection was performed during the isothermal stage, after at least 5 
minutes to allow equilibration of the internal atmosphere of the system. The samples analysed 
using this technique were PA66 compounded formulations containing a range of flame retardants, 
outlined in Chapter 9.  
 
In addition to the TGA/DTA data collected as described above, an FTIR profile of the exhaust gases 
was collected at regular intervals, allowing for a profile of specific species to be created by 
plotting the intensity of peaks unique to a given species over time. These were carefully selected 
to avoid overlap with any other compounds present in the exhaust mixture. The TGA flow gas IR-
sensitive component background spectrum was not visible as the background spectrum recorded 
at the start of the test eliminates the peaks caused by these species. A delay of approximately 45 
seconds is observed between peaks in the TGA/DTA and FTIR due to the time required for the 
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flow gases to transit from the exhaust of the TGA to the FTIR cell via the heated gas line, 
accounted for in the analysis. A more detailed example of this methodology can be found in 
Chapter 9.  
 
3.2: Compounding of PA66 Samples 
A summary of the preparation of samples for large scale fire testing is outlined below in the key 
steps: compounding, plaque pressing and cutting.  
 
Materials 
The following commercial materials were used in the compounded samples. 
 Polymers: 
o 100% compounding feedstock grade PA66 polymer chips, Invista Engineering 
Polymers, USA (m.p 260 oC, melt-flow index 19.56 g/10 min, 2.16 kg, 280 oC 
(Davenport (London) apparatus)). 
 Commercial Phosphorus Flame Retardants (PFRs): 
o Exolit OP1230 (aluminium diethylphosphinate [Al((C2H5)2PO2)3]), Clariant, 
Germany. 
o Exolit OP1311 (aluminium diethylphoshinate/melamine polyphosphate 
[(C3N6H7.PO3)n] 2:1 blend), Clariant, Germany. 
o Budit 3141 (melamine polyphosphate [(C3N6H7.PO3)n]), Budenheim, Germany.  
 Commercial Brominated Flame Retardants (BrFRs): 
o FR803 (brominated polystyrene, 67% Br, 2.7 Br/Ph ring), ICL, Israel. 
o FR1025 (brominated polybenzacrylate, 71% Br, [(CH2CH(COOCH2C6Br5))n], ICL, 
Israel. 
 
The following flame retardant candidate compounds (FRCs), as synthesised in Chapter 6 were also 
investigated in detail: 
o ZnOx, FeAl, ZnMo, AlW, ZnW, SnW, FeHP, SnO, SnPhPO3 and SnH2PO3. 
 
Compounding 
Prior to compounding, all materials including polymers, PFRs, BrFRs and FRCs were dried for at 
least 48 hours at 80 oC to ensure the removal of adsorbed moisture. The FRCs were first calcined 
to temperatures described in Section 6.2 to ensure the complete removal of any waters of 
hydration.  
 
Samples to be compounded were mixed in the proportions required to achieve the desired 
constituent final product. Any powders were pre-mixed before the addition of the polymer 
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pellets, and the pellet-powder mixtures were manually agitated to ensure an even mix. These 
mixtures were then deposited in the twin-screw extruder feeder hopper for processing. All 
matrices detailing the composition of compounded samples are given in Chapters 6 (flame 
retardant candidate baseline testing), Chapter 7 (interactions with phosphorus) and Chapter 8 
(interactions with bromine).  
 
Samples were compounded using a Thermo-Electron Prism Eurolab 16 co-rotating twin-screw 
extruder with six heating elements set at 250, 255, 260, 265, 265 and 265 oC respectively, with a 
screw speed of 300-350 rpm, 16 mm screw diameter, L/D ratio 24:1. The feed rate of the hopper 
was adjusted to maintain an average screw torque of around 50 % from maximum, nominally in 
the range of 7-15 percent of maximum feeder speed, depending upon the sample being 
compounded. If difficulties were encountered in compounding, particularly in samples with high 
powder content or of unusual rheometric properties, the temperatures on all six elements 
excluding the last were increased by 5 to 10 oC each to reduce the molten viscosity of the polymer 
and the feed rate adjusted appropriately to give stable operation. The molten stream of 
compounded polymer produced from the extruder die was run into a bath of cold water via 
several rollers, dried under a jet of pressurised air, cut into small (≈5 mm long) pellets via rotary 
pelletiser and collected. TGA/DTA analysis of the compounded mixtures was performed on the 
pellets as produced. Batch sizes for compounding ranged in size from 200 g to 1500 g of material, 
depending upon the amount required. 
 
Plaque Pressing and Cutting 
Plaques of PA66 were prepared using the pellets produced as described above were pressed into 
plaques 170 x 170 x 3 mm using 110 g of pellets (dried at 80 oC for 2 h) between two aluminium 
plates in a mould of the same size in a Daniels hot press with plate temperatures of 255 oC and a 
pressure of 40 kg/cm2 for 2 minutes, followed by cooling on a Moore cold press with water-cooled 
plates for 1.5 minutes at a pressure of 40 kg/cm2.  
 
The plaques produced as described above were cut into sizes appropriate for fire testing using a 
band saw. Each plaque produced two 75 x 75 mm samples for cone calorimetry testing and six 
12.7 x 127 mm samples for UL94 and LOI testing, with excess material retained if required later 
for repeat testing. 
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3.3: Fire Performance Testing 
A number of fire tests were performed on the samples produced as above, which are described 
below. 
 
3.3.1: UL94 
UL94 analysis was performed in triplicate on standard sized 127 x 12.7 x 3 mm samples in a draft-
excluding hood using a 20 mm high Bunsen burner flame, suspended 30.48 cm from a flammable 
(cotton) sample to detect the presence of flaming drips, according to the ISO 1210 standard. The 
Bunsen flame is applied to the bottom of the sample for 10 s, and the time taken to burn is noted. 
If the sample extinguishes before burning to the clamp holding it, the flame is re-applied for 
another 10 s, and the burning time is again noted and the values summed. If a sample burns for 
longer than 30 s in total, or burns to the holding clamp, it is deemed to fail the test. If a sample 
extinguishes within less than 10 s and does not ignite the cotton sample, this is deemed to attain 
the highest rating, V-0. If a sample burns for between 10 and 30 s and does not ignite the cotton 
sample, this is rate V-1. If the sample extinguishes in less than 30 s but the cotton sample is 
ignited, this is deemed a V-2 rating. Even if a sample extinguishes in less than 10 s, but ignites the 
cotton sample, the best result that can be attained is a V-2.  
 
3.3.2: Limiting Oxygen Index (LOI) 
LOI analysis was performed in triplicate on standard sized 127 x 12.7 x 3 mm samples using a Fire 
Testing Technology Oxygen Index apparatus, according to the ASTM 2863 standard. The sample is 
held by the base in a metal clamp and placed inside a ~80 cm long by ~ 15 cm wide glass tube with 
an open top. At the base of the apparatus is a mixing system for creating an artificial atmosphere 
with a constant flow rate and concentration of oxygen. The desired concentration of oxygen is set 
and the gas is allowed to fill the cylinder from the base upwards for 30 s with a flow rate of 10 
L/min. The sample is then ignited from the top with a small (~ 20 mm) butane flame and the time 
to extinguish is measured. The oxygen level is increased stepwise until burning is sustained for 3 
minutes. Experiments are performed on a fresh, level surface; the PA66 samples in this project 
were cut with a hacksaw with the sample held in a vice to achieve this. Once a cursory value has 
been found, this is confirmed by the testing of two further replicates. Results are presented in 
%O2. 
 
3.3.3: Cone Calorimetry 
Cone calorimetry tests were performed in duplicate on standard sized 75 x 75 x 3 mm samples 
using a Fire Testing Technology Cone Calorimeter with a 50 kW/m2 heat flux, using a modified ISO 
5660 standard method (in which usually the sample size is 100 x 100mm). The cone calorimeter 
utilises a conical heater to force the degradation and combustion of a 75 x 75 mm or 100 x 100 
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mm sample set atop a mass balance. A constant flow of air runs past the sample and the cone 
heater, through a duct above the analysers, pulling through the combustion products. The sample 
is ignited by means of an electrical spark, although non-ignition experiments can be performed. A 
laser beam across the duct enables determination of smoke production and a sampling ring facing 
downstream collects a known amount of the flow gas for analysis after passage through a chiller 
and drying agent to remove any water before reaching a series of analysers to determine CO, CO2 
and O2 content. From these values, the known mass loss of the sample and the flow rate of the 
gas through the exhaust duct, a number of parameters can be calculated of which heat release 
rate is the principal parameter determined by oxygen depletion. This draws upon the factor that 
materials consuming more oxygen per gram of mass with have a higher heat output as more of 
the combustible material (primarily hydrogen and carbon) is converted to water and carbon 
oxides respectively. The commonly quoted data for cone calorimetry experiments include times 
to ignition, peak heat release rate and extinction (s), peak heat release rate (kW/m2), total heat 
release (kW), effective heat of combustion (MJ/kg) and total smoke release (m2/m2).  
 
3.3.4: TGA/DTA Analysis 
TGA/DTA analysis to determine the thermal stability of the experimental fire retardant PA66 
composites was performed as described above using compounded polymer pellets of 
approximately 10 mg mass.  
 
3.4: Chemical Analysis 
3.4.1: X-Ray Fluorescence (XRF) 
XRF experiments were performed using the facilities of William Blythe Ltd using a PANalytical 
Axios analyser and the Omnic software suite. This technique allows for quantification of the 
elements within a sample by excitation of low-level electrons within the samples by X-rays which 
then decay (fluoresce) with specific energies, releasing photons of specific wavelengths, inherent 
to each element. Using internal or calibrated external standards, quantitative analysis is possible, 
in addition to relative determination of the elements within a sample. Detection and 
quantification of elements lighter than sulphur (S) is possible, but more difficult and less accurate 
due to the small X-ray cross sections of such elements. Analyses were performed on all powder 
mixtures, compounded polymer chips and chars.  
 
3.4.2: X-Ray Diffraction (XRD) 
XRD experiments were performed using the facilities of the University of Manchester, courtesy of 
Dr. Robin Pritchard. Analyses were performed using a Brucker D8 analyser with a copper Kα X-ray 
source. This method was used to analyse powders. 
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3.4.3: Inductively-Coupled Plasma (ICP) and Atomic Absorption Spectrometry (AA) 
ICP and AA experiments were performed using the facilities of William Blythe Ltd and the 
University of Manchester. These techniques employ the excitation of the high-level electrons 
within an element which causes an absorption band in the visual range of electromagnetic 
spectrum inherent to each element. Samples must be soluble in acidic media to be analysed by 
either of these techniques. Thus, an aqueous acidic solution containing a known amount of 
sample is vaporised into either an oxygen-acetylene flame (AA) or an argon plasma flame (ICP), 
which cause the excitation of the elements volatilised. Comparing the absorption of a known 
wavelength against standards of known concentrations, thus the amount of a given element in an 
unknown sample can be quantified. AA analyses were conducted using a Perkin-Elmer Analyst 300 
analyser, and ICP analyses were conducted using a Thermo-Scientific iCAP6000 analyser (William 
Blythe Ltd.) or Thermo-Scientific iCAP6300 analyser (University of Manchester). AA and ICP 
analyses were performed on sample powders dissolved in hydrochloric acid to a known mass per 
unit volume.  
 
3.4.4: Gravimetric Determination 
Certain elements, notably tungsten, are difficult to analyse by several of the above techniques 
due to the insolubility of this element in acidic media. As a result of this, the tungsten content of a 
sample can be determined by dissolving any acid-soluble elements in an appropriate reagent, 
such as hydrochloric acid and measuring the weight of the remaining tungsten (VI) oxide residue 
remaining once dried. A simplified example of this is illustrated below in Equation 3.1 for a 
divalent metal tungstate, such as Sn or ZnWO4. 
 
MWO4(s) + 2HCl(aq)  WO3(s) + MCl2(aq) + H2O(l)  (3.1) 
 
Analysis of tungsten was achieved by accurately weighing approximately 1 g of the desired sample 
into a dried conical flask, followed by 25 ml of water, 25 ml of concentrated hydrochloric acid (37 
wt%) and several ml of concentrated nitric acid to suppress reduction of the resulting tungsten VI 
oxide. The mixture was heated to the boil with stirring, maintained at this temperature for several 
minutes until the solid residue turned yellow and then allowed to cool. The mixture was then 
filtered under gravity into a pre-weighed glass filter funnel and glass-fibre filter paper. The liquor 
was passed through the filter several times to ensure the collection of all tungsten trioxide 
particulates and the solid was then washed with dilute nitric acid before being dried at 120 oC 
overnight. The mass of the tungsten trioxide collected was then measured and tungsten content 
of the sample determined.  
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3.4.5: Particle Size Distribution (PSD) 
PSD analysis was performed using the facilities of William Blythe Ltd using a Malvern Hydro 
2000MV analyser with a method designed for the analysis of a wide range of materials. PSD 
measurements are obtained using the dynamic light scattering effect of a suspension of particles 
in water. Using a series of complex series of calculations and the measured diffraction of a laser 
beam, the distribution of particle sizes within a sample can be determined. Samples were first 
subjected to ultrasonification to break up any agglomerates and thus give a more accurate 
reading. A variety of data can be extracted from the results including: D50 – the average particle 
size, D10 – the10% lower bound of particle size, D90 – the 10% upper bound of particle size and D100 
– the upper bound of particle size. This analysis was performed on the experimental FRC powders. 
 
3.4.6: Electron Paramagnetic Resonance Spectroscopy (EPR) 
EPR analysis was performed using the facilities of the University of Manchester EPSRC EPR service 
using a Brucker EMX analyser on a range of inorganic powders and compounded PA66 samples.. 
EPR measures the variation in spin sates of unpaired electrons by subjecting a sample to a large 
magnetic field, much like nuclear magnetic resonance (NMR) spectroscopy. Unpaired electrons 
develop a pair of spin states in such a situation with finer coupling reflecting the influence of 
adjacent functionalities and nuclear effects. EPR analysis was performed on several flame 
retardant candidate powders and PA66 composites to determine the changes induced in 
compounding and verify a theory about the interactions of some of the flame retardant 
candidates with PA66 and certain phosphorus flame retardants, as described in Chapter 7 and 
Appendix 6.   
 
3.4.7: Fourier Transform Infra Red Spectroscopy (FTIR) 
FTIR analysis was performed at Bolton, using a Thermo-Scientific Nicolet iS10 analyser. FTIR 
excites the bonds within a sample using thermal energy (infrared), allowing qualitative analysis of 
the structure of a compound for key chemical moieties as specific structures interact with specific 
infra-red wavelengths. When applied for exhaust gas analysis of TGA/DTA samples, FTIR was used 
both qualitatively to record the overall IR spectrum and thus identify specific functional groups as 
well as quantitatively at specific wavenumbers to determine the absorbance of particular species 
as a function of time or temperature. FTIR was also used for solid sample analysis using a diamond 
lens attenuated total reflection (ATR) adapter for the analyser. Thus FTIR was generally performed 
on both gaseous samples and a range of solid residues, including organic compounds, 
compounded polymer samples and chars.  
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3.4.8: Chloride Analysis (Ion Selective Electrode) 
Chloride analysis on produced solids was achieved using a SevenCompact pH/IOh Cl- ion selective 
electrode. Approximately 1 g of sample was first boiled in 100 ml of water for 30 minutes to 
dissolve any free chloride. The sample was then allowed to cool, several drops of sodium nitrate 
solution were added (to achieve the desired electrical conductivity) and the sample made up to 
100 ml. The electrode of the analyser was then placed in the solution for the analysis. This was 
conducted on the experimental FRC powders. 
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Chapter 4: Investigation of the Effect of Metal Oxalates on the Burning Rate of Cotton 
 
4.1 Introduction 
Metal oxalates are a class of compound that have received little attention in the past 20 years as 
potential flame retardants for use in polymers [1-8] despite their desirable physical properties, [9] 
ready synthesis and decomposition chemistry which occurs over a similar temperature range to 
many polymers; [8, 10-15] the oxides produced [8-16] from oxalates are capable of acting as flame 
retardants (FRs) in their own right, via condensed-phase Lewis-acidic behaviour. [8] With the lack 
of recent literature in the field of flame retardancy, and the author’s previous experience in 
working with some of these compounds, metal oxalates were selected as a starting point to give 
grounding in the fire testing methodology to be developed during this thesis.  
 
Six readily synthesised divalent metal oxalates (MOx) were prepared and characterised and their 
effect on the burn rate of cellulose (cotton fabric) was tested in combination with bromine and 
phosphorus containing species known to possess FR activity. An example of their structure 
(FeC2O4.2H2O) is shown below in Figure 4.1. 
 
 
Figure 4.1: X-Ray crystal structure of FeOx, FeC2O4.2H2O. Fe, purple, C, black, O, red, H, white.
[16] 
 
4.2 Experimental 
4.2.1 Materials 
Oxalate Precursors: 
The metal salts and oxalic acid dehydrate used for the synthesis of the oxalates were supplied by 
VWR (UK),  were of reagent grade (98%+ purity) and used as procured with no further purification 
required. All syntheses were conducted using deionised water.  
 
Polymer Substrate: 
The cotton used was a commercially bleached, woven fabric with an area density of 114 g/m2. 
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Flame Retardants: 
Ammonium bromide (AB, NH4Br) and diammonium phosphate (DAP, (NH4)2HPO4) were supplied 
by Sigma Alrich (UK), were of reagent grade (98%+ purity) and used as procured with no further 
purification required. 
 
4.2.2 Synthesis of Metal Oxalates 
Six divalent metal oxalates (MOx, of general formula MC2O4.nH2O where M = Ca, Mn, Fe, Cu, Zn or 
Sn and n = 0, 1 or 2) were synthesised using an aqueous route (Equation 4.1, where M = Ca, Mn, 
Fe, Cu, Zn or Sn; X = Cl or NO3 and x, y and z are variable integer waters of hydration) using 
equimolar amounts of 1 mol/L solutions of the required metal salts and oxalic acid scaled to give 
100 g of dry product.[10-13, 15] 
 
MX2.xH2O + H2C2O4.2H2O  MC2O4.yH2O + 2HX + zH2O  (4.1) 
 
Reactions were conducted with agitation, the metal salt solution added to the oxalic acid solution 
via a peristaltic pump over a period of 30 minutes. Upon completion of the addition, the reaction 
was allowed to mature for a further 30 minutes. The produced solids were isolated by Buchner 
filtration, washed with 1000 ml of water and dried overnight under vacuum at 80 oC. All oxalates 
were isolated in near-quantitative yields (> 95%) as fine solids (all white, except iron and copper 
which are yellow and blue respectively).  
 
4.2.3 Characterisation of Metal Oxalates 
The mass losses displayed by the oxalates (H2O, CO and CO2) where characterised using TGA/DTA, 
as described in Chapter 3.[9-16, 18] Metals content was determined using atomic absorption (AA) 
and inductively-coupled plasma (ICP) spectroscopy and X-Ray fluorescence (XRF), as outlined in 
Chapter 3.[11, 13] Oxalate content was determined by redox titration under acid conditions (1 mol/L 
H2SO4) with potassium permanganate (KMnO4), according to Equation 4.2.
[19, 20] 
 
2MnO4
- + 5C2O4
2- + 16H+  2Mn2+ + 10CO2 + 8H2O  (4.2) 
 
4.2.4 Preparation of Impregnated Cotton Samples 
Cotton was chosen as the model polymer substrate for this initial study to screen each of the 
oxalates for any char forming or potential flame retardant activity as this polymer readily chars 
with appropriate reagents and sample preparation via impregnation and drying is a facile process. 
All samples were prepared (in triplicate) by brush application of a suspension of each oxalate in 
water (0.7 g in 10 ml) to a cotton sample (170 x 50 mm), followed by drying at 80 oC for 1 h. 
Impregnation levels, determined gravimetrically were selected to be approximately 3 wt%, at 
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which any flame retardant effect would demonstrate itself as a change in the burning rate of the 
cotton.  
 
Further samples containing water-soluble sources of bromine (AB) and phosphorus (DAP) in 
addition to the oxalates (added to the oxalate suspensions as solutions of AB or DAP) were also 
prepared at concentrations that yielded M:Br and M:P ratios of approximately 1:2 and 3:2 
respectively where M is the metal ion present in each oxalate. The levels of AB and DAP were 
maintained at 2.5 wt% total with the amount of oxalate adjusted accordingly in an attempt to 
achieve these ratios. The chosen levels of AB and DAP were chosen as they provide marginal 
levels of flame retardancy as measured by an alteration in the burn rate rather than providing 
complete extinction (such as 5 wt% DAP, which renders the cotton resistant to ignition). Any 
positive or negative impact influence of the oxalates on the burn rate would be more readily 
observed at the levels prepared.  
 
4.2.5 Burning Rate Testing 
Changes in fire performance of the cotton substrate were determined by measuring the effect of 
each oxalate on the burn rate of the cotton fabric. The dried, impregnated cotton samples were 
tested in triplicate following a 10 s application of a small (c.a. 20 mm) Bunsen burner flame. The 
samples were held in a U-shaped frame and the burning timed over a measured distance (150 
mm), the results averaged over the three replicates. Any observations regarding char promotion 
or smoke formation were also noted. The experimental setup is shown below in Figure 4.2.  
 
 
Figure 4.2: Illustration of the experimental setup used. The samples were ignited in the open end 
zone and the burning timed from the first mark to the end of the frame (150 mm). 
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From the effect of the oxalates on the burning rate of cotton, it was possible to calculate the 
synergstic effectivity of the combinations used (Equation 4.3, Es = Synergist effectivity, X is the 
function investigated (LOI, or here, 1/burn rate), poly is the value for the polymer, FR+S
 is the sample 
containing both components and S and FR are the samples containing the separate components 
respectively), which gives a measure of antagonistic (Es < 1), additive (Es = 1) or synergistic (Es > 1) 
performance.[21, 22] 
 
Es = [XFR+S – Xpoly] / [(XFR – Xpoly) + (XS – Xpoly)]   (4.3) 
 
Please note that only two oxalates (CaOx and MnOx) were tested with DAP due to the observed 
significant inherent FR behaviour of DAP as discussed above as reported in literature,[23-29] and 
due to the increased variability observed and significantly increased amount of oxalate loading 
required to  achieve the desired molar ratios in the application process when compared to AB.  
 
4.3 Results and Discussion 
4.3.1 Synthesis and Characterisation of Metal Oxalates 
The synthesis of the six metal oxalates from oxalic acid dihydrate and the appropriate metal 
chloride or nitrate salts gave the desired products in quantitative yields (>95%, determined 
gravimetrically). The degradation of oxalates generally occurs in a stepwise manner, with water of 
hydration being lost first (if applicable), then carbon monoxide, followed by carbon dioxide, 
although the latter step sometimes occurs simultaneously with the middle one. [8, 10-13, 15, 18] , and 
as such, these compounds were initially characterised using simultaneous TGA/DTA as outlined 
below in Table 4.1 and Figure 4.3a, with mass loss rates (DTG) shown in Figure 4.3b.  
 
Table 4.1: Degradation reactions of metal oxalates in TGA/DTA analysis  
Oxalate 
Mass Loss 
(%) 
T (oC) Reaction Occurring Res. (%) 
Th. Res. 
(%) 
Ref. 
Ca 15 100-185 CaC2O4.H2O  CaC2O4 + H2O 85 87 18 
 19 375-500 CaC2O4  CaCO3 + CO 67 68 18 
 29 595-745 CaCO3  CaO + CO2 38 38 18 
Mn 18 120-175 
MnC2O4.2H2O  MnC2O4 + 
2H2O 
82 81 8, 13 15 
 29 275-465 MnC2O4  MnO2 + 2CO 46 48 8, 13 15 
Fe 55 140-290 
FeC2O4.2H2O  0.5Fe2O3 + 
0.5CO2 + 1.5 CO + 2H2O 
45 44 11-13 
Cu 51 260-310 CuC2O4  CuO + CO + CO2 49 49 13 
Zn 18 90-180 
ZnC2O4.2H2O  ZnC2O4 + 
2H2O 
82 81 11, 12 
 38 310-410 ZnC2O4  ZnO + CO + CO2 44 43 11-13 
Sn 32 280-380 SnC2O4  SnO + CO + CO2 68 66 26 
Key: T is temperature, Res is observed residue, and Th Res is the theoretical residue for a given reaction. 
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Figure 4.3a: TGA degradation curves of metal oxalates. 
 
 
Figure 4.3b: DTG curves of metal oxalate degradation. 
 
This analysis confirms that the desired products had been formed, and the mass losses observed 
match literature references. For FeOx and MnOx, the production of Fe(III) and Mn(IV) oxides may 
involve atmospheric oxidation instead of the production of CO outlined below, producing CO2 
instead, though the resultant mass losses would remain the same. Elemental and other wet 
chemical analyses were performed using a variety of methods which are summarised in Table 4.2.  
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Table 4.2: Characterisation of metals and oxalate content via wet chemical methods. 
Compound Expected Metal XRF AA ICP Expected Ox KMnO4 Ttn 
CaOx 27.4% (monohydrate) 28.5% 27.4% - 60.2% 55.1% 
MnOx 38.4% (anhydrous) 39.1%  38.5%  - 49.2% 50.0% 
FeOx 38.8% (anhydrous) 41.9%  42.3%  - 48.9% 49.3%* 
CuOx 41.9% (anhydrous) 42.2%  40.2%  - 46.9% 49.0% 
ZnOx 42.6% (anhydrous) 42.9%  40.2%  40.7% 46.5% 52.1% 
SnOx 57.4% (anhydrous) 58.7% - 58.7% 42.6% 40.1%* 
Key: * These figures are adjusted to account for oxidation of Fe (II) to Fe (III) and Sn (II) to Sn (IV).  
 
The AA results display some fluctuation due to the large dilutions required for analysis and the 
inherent variability within the technique. Results for SnOx are not included as this element is 
difficult to analyse with this technique. The ICP analysis of ZnOx was performed separately as part 
of other work. The potassium permanganate titrations show some variation from the theoretically 
expected values due to the limited solubility of several of the compounds in 1 mol/L H2SO4, 
although stronger solutions of this acid are oxidising in nature and would thus skew the results. 
Other common laboratory acids are not appropriate as HCl is oxidised to Cl2 by KMnO4, and HNO3 
is also oxidising in nature.  
 
4.3.2 Characterization of Impregnated Samples 
The results for the impregnation of cotton with metal oxalates by suspension and AB and DAP by 
solution are presented below in Table 4.3.  
 
Table 4.3: Oxalate, AB and DAP samples prepared with theoretical and observed compositions. 
Sample Ideal Ox Ideal Br or P Ox Susp. Adj. Meas. % Br or P Meas FR tot. 
Control - - - - - 
CaOx - - - - 3.5 
MnOx - - - - 3.4 
FeOx - - - - 3.8 
CuOx - - - - 3.1 
ZnOx - - - - 2.4 
SnOx - - - - 1.8 
Br Control (AB) - 2.5 - 1.99 2.5 
CaOx/AB 1.83 2.5 0.52 - 9.3 
MnOx/AB 2.24 2.5 0.66 - 6.5 
FeOx/AB 2.25 2.5 0.59 - 4.4 
CuOx/AB 1.90 2.5 0.61 - 7.2 
ZnOx/AB 2.36 2.5 0.98 - 8.7 
SnOx/AB 2.59 2.5 1.44 - 11 
P Ctrl (DAP) - 2.6 - 0.63 2.6 
CaOx/DAP 4.38 2.6 1.25 - 10 
MnOx/DAP 5.37 2.6 1.58 - 16 
Key: All FR compositions are measured as parts per hundred of cotton substrate. Oxalate suspension 
adjustment is the factor by which the amount of oxalate in each suspension was adjusted to attain the 
desired molar ratio. 
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All oxalates were successfully impregnated onto cotton in concentrations varying from 1.8 to 3.8 
wt%. AB and DAP were applied at approximately 2.5 wt%. All oxalates were successfully 
impregnated with AB, giving loadings between 4.4 and 10.6 wt%. Only two oxalates (CaOx and 
MnOx) were impregnated with DAP. The observed loadings in this case were 10.4 and 15.8 wt% 
for CaOx and MnOx respectively. Significantly greater variability was observed in the oxalate 
loadings when combined with DAP, and a much larger amount of oxalate was required to achieve 
the desired molar ratio between the two compounds. For this reason and the notable FR activity 
promoted by DAP, not all oxalates were tested with it. This variation could represent the 
adsorption of additional AB/DAP onto the oxalate particles or the presence of AB/DAP 
combination serving to better bind the oxalate particles to the cotton surface, thus increasing the 
effective FR loading via charge interactions between the two components of each mixture. 
 
4.3.3 Flammability (Burn Rate) Testing 
The results obtained from the burn rate tests are presented below in Table 4.4 and graphically in 
Figure 4.4. The synergistic effectivity (Es) values were calculated based on the burn time of the 
sample using Equation 4.3 above. 
 
Table 4.4: Burning rates of oxalate-impregnated cotton fabric samples, where Es is the synergistic 
effectivity. [21, 22] 
Composition Burn Rate 1/Burn Rate Es Notes 
Control 2.66 0.376 -  
CaOx 2.9 0.345 -  
MnOx 2.49 0.402 -  
FeOx 2.46 0.407 -  
CuOx 2.73 0.366 -  
ZnOx 2.83 0.353 -  
SnOx 3.04 0.329 - Sm 
Br Control (AB) 2.49 0.402 - Ch 
CaOx/AB 1.59 0.629 0.91 NF, Ch, Sm 
MnOx/AB 2.22 0.450 0.74 Ch 
FeOx/AB 2.08 0.481 0.80 Ch 
CuOx/AB 2.56 0.391 0.36 Ch, AG 
ZnOx/AB 2.15 0.465 0.77 Ch 
SnOx/AB 2.41 0.415 0.60 NF, Ch, Sm 
P Ctrl (DAP) 3.02 0.331  Ch 
CaOx/DAP 2.18 0.459 2.19 Ch 
MnOx/DAP 2.78 0.360 0.27 Ch 
Key: Burn Rate is expressed in mm/s, 1/Burn Rate is the reciprocal of this 
used to calculate Es. Sm = smokey, Ch = charred, NF = non-flaming, AG = 
after-glow 
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Figure 4.4: Effect of FRs and oxalates on the burning rate of cotton.  
 
It can be seen from the results in Figure 4.4 that of the oxalates alone, only MnOx and FeOx 
reduce the burning rate of cotton fabric relative to the control, with CuOx providing a minor 
increase, CaOx and ZnOx providing moderate increases and SnOx providing a substantial increase 
in the burning rate. None of the oxalate samples left any substantial residue and SnOx proved to 
burn with a rather smokey flame. In combination with AB, the oxalates all reduce the burning rate 
relative to their respective controls, the highest Es values generated by CaOx, FeOx and ZnOx, 
reflecting the graphical results and thus the most favourable interactions between oxalates and 
AB. This corresponds to moderate additive increases in performance when Es values are between 
0 and 1. When Es ≥ 1, synergy is possibly present. It should be observed that the Es formula does 
not take into account the amount of oxalate/FR present on the cotton sample, or the ratio 
between the two species which would be difficult to measure precisely. Of CaOx and MnOx tested 
with DAP, only the former reduced the burn rate appreciably, providing the highest Es value of all 
samples tested, attributable to the acceleration of burn rate observed from pure DAP on cotton. It 
must be considered, though, that the levels of DAP present are much less than the more normal 
20 phr or so levels used to achieve flame-extinguishing properties with similar compounds.[22] 
Both AB and DAP promote the formation of char in cotton, an observation also present with the 
impregnation of oxalates, as noted in Table 4.4, but the levels of char formed were not measured 
due to time constraints. Samples containing SnOx burned with a smokey flame, as did CaOx with 
AB, though this sample and SnOx with AB also burned without a visible flame. Their burning 
process was still measurable by the charring of the cotton substrate. 
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4.4 Conclusions 
Six divalent metal oxalates were synthesised, characterised and their effect on the burn rate of 
cotton was tested alone and in combination with bromine and phosphorus containing species. 
Overall, the oxalate/AB bromine-containing samples proved to be far more effective in reducing 
the burn rate of cotton compared to the oxalate/DAP samples. When the amount and variability 
of FR is taken into consideration, certain combinations of metal/oxalate are far more effective 
than others, such as FeOx/AB, producing a burn rate of 2.08 mm/s at 4.4 phr loading, whereas 
CaOx/DAP produced a burn rate of 2.18 mm/s at a loading of 10 phr. It is plausible that the metal 
oxides produced during the oxalate degradation can react with AB or DAP as these species 
decompose to form metal bromides or (di/hydrogen) phosphates respectively, as outlined below 
in Equations 4.4 to 4.8. 
 
Oxalate degradation  MC2O4    MO + CO2 + CO (4.4) 
AB decomposition  NH4Br   NH3 + HBr  (4.5) 
DAP decomposition  (NH4)2HPO4  2NH3 + H3PO4  (4.6) 
Oxide-AB interaction 1  MO + HBr  M(OH)Br  (4.7a) 
Oxide-AB interaction 2  MO + 2HBr  MBr2  + H2O (4.7b) 
Oxide-DAP interaction 1 MO + 2H3PO4  M(H2PO4)2 + H2O (4.8a) 
Oxide-DAP interaction 2 MO +  H3PO4  MHPO4  + H2O (4.8d) 
Oxide-DAP interaction 3 3MO + 2H3PO4  M3(PO4)2 + 3H2O (4.8c) 
 
Reactions 7a and 7b in particular could explain the burn rate reduction behaviour observed 
between oxalates and AB in several samples, as certain metal halides and oxyhalides are known to 
be Lewis acidic, potentially acting as char formers in a polymer such as cotton, a similar 
mechanism is known to operate for phosphorus- containing compounds such as DAP, [23-29] which 
act by promoting the cross-linking of polymer chains in the condensed phase, as illustrated by 
Equation 4.9. [22] 
 
R2CH-CHR’OH  +  XOH  R2CH-CHR’OX + H2O (4.9a) 
R2CH-CHR’OX    R2C=CHR’ + XOH (4.9b) 
 
The notable reduction in burn rate displayed by several of the oxalates, particularly in 
combination with AB, warranted further study via more detailed methods. While the sample 
preparation demonstrated here is facile, and the burn rate test simple to perform, little 
mechanistic information is garnered and precise control over additive levels on the samples is 
difficult to achieve, and therefore, alternative methods were sought for the next stages of the 
project. For future work, it may be possible to synthesise a metal oxalate directly on the surface 
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of a cotton substrate by soaking in a solution of oxalic acid followed by a solution of a metal salt. 
[30, 31] 
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Chapter 5: Identification, Synthesis and Screening of Flame Retardant Candidate Compounds 
 
5.1: Introduction 
As outlined in the Section 2.5, many metal oxides find use as flame retardants and act by a variety 
of mechanisms. These are outlined below in order of increasing effectiveness, although some 
species may fall into more than one category: 
 As fillers, reducing the amount of flammable material available. 
 As hydrated species, acting as a heat sink during polymer degradation, diluting the fire 
gases. 
 As synergists with other flame retardants. 
 As active condensed-phase char promoters. 
 
For the purposes of this project, the first two mechanisms are unfavourable, as the inclusion of 
the required amounts of such materials (c.a. 50 wt%) of a hydrated oxide required to achieve 
acceptable fire retardant performance would have a severe negative effect on the mechanical 
properties of the polymer. The presence of any flame retardant in an engineering polymer such as 
PA66, however, will marginally reduce the amount of flammable material present, though the 
high processing temperatures of the polymer (>260 oC) exclude the use of nearly all hydrated 
flame retardant species. As outlined in the literature review, synergistic oxides are typically 
included in combination with other flame retardants containing elements such as halogens 
(chlorine or bromine) or phosphorus. Examples include antimony trioxide (ATO, chemical formula: 
Sb2O3), used in combination with halogenated flame retardants, whereby performance of the 
system is improved via the generation of metal halides during burning (SbX3) which are more 
effective radical scavengers than the hydrogen halides (HX). Similarly, zinc borate (ZB), displays 
synergy with a variety of other flame retardants including condensed-phase phosphorus species, 
whereby the formation of more cohesive surface barriers is promoted. The increased activity of 
the latter two mechanisms compared to the former pair highlight two appropriate areas of focus 
for this project.  
 
5.1.1: Selection of Elements 
With the scope and aims of this project in mind and a focus on the mechanisms of action outlined 
above, a number of elements were selected from the periodic table from which potential flame 
retardants could be synthesised. Given the focus on non-toxic chemistry, the reproduction of the 
periodic table in Table 5.1 below distinguishes the appropriate elements, colour coded in terms of 
respective toxicity/carcinogenicity, cost or inertness. 
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Table 5.1: Outline of appropriate elements for this project:  
 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 0 
1 H 
                
He 
2 Li Be 
          
B C N O F Ne 
3 Na Mg 
          
Al Si P S Cl Ar 
4 K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr 
5 Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe 
6 Cs Ba * Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn 
7 Fr Ra * Rf Db Sg Bh Hs Mt Ds Rg Cn Uut Fl Uup Lv Uus Uuo 
                   Lan La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
   Act Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr 
   KEY: GREEN are acceptable, RED are toxic/radioactive/carcinogenic, ORANGE are impractically expensive 
materials and BLUE are the noble gases. Lan = Lanthanides, Act = Actinides 
 
A large number of elements were rejected on cost (yellow) and/or toxicity (red) grounds. These 
are outlined below in order of increasing atomic weight: 
 Lithium is toxic, although interesting due to low atomic mass and poor solubility of many 
compounds relative to the other alkali metals. 
 Beryllium is toxic, carcinogenic and costly, although interesting due to low atomic mass 
and amphoteric nature. 
 Fluorine is toxic (as fluoride), highly reactive, and far less effective as a flame retardant 
than the heavier halides. 
 Scandium is rare and costly. 
 Vanadium and chromium are both toxic, tetrogenic and carcinogenic in their high 
oxidation states (V as V2O5 and VI as CrO3 respectively), both of which readily form in high 
temperatures oxidising conditions. 
 Cobalt and nickel are both toxic, and the latter is acutely carcinogenic. 
 Gallium and germanium are costly, both finding use in semiconductor applications. 
 Arsenic and selenium are both toxic. 
 Rubidium and caesium are costly. 
 Strontium and barium are toxic. 
 Of the second and third row transition metals, only molybdenum and tungsten were 
chosen due to cost (noble metals), toxicity (cadmium and mercury) or radioactivity (e.g. 
technetium) of the remaining elements.  
 Of the fourth and fifth row p-block elements, only tin and bismuth were selected due to 
toxicity of many of these elements (antimony, tellurium, thallium, lead), and cost (indium 
and iodine).  
 Of the lanthanides, only lanthanum was considered due to toxicity (cerium, promethium 
(radioactive), gadolinium and ytterbium) and cost.  
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 All elements beyond and including polonium are radioactive.  
 The noble gases do not readily form compounds which would be appropriate for flame 
retardants. 
 
Of the selected elements, a range of water-soluble forms exist which could be exploited for this 
project.  
 
5.1.2: Selection of Reagents 
As outlined in the aims of this project, the synthesis of potential flame retardants was to be 
conducted using an aqueous medium, with the compounds being insoluble in water. Acid-base or 
cation-anion precipitation reactions are a common method used for the preparation of insoluble 
compounds, as similarly employed for the synthesis of the metal oxalates described in Chapter 4 
(Oxalates). Of the selected elements, a range of water-soluble cationic (metal/acidic) and anionic 
(oxyanion/basic) precursors were selected. Selected metals were employed as chloride, nitrate or 
sulphate salts, and anions as sodium or potassium salts. The anions can be further divided into a 
number of categories based on functionality. The potential precursors, both anionic and cationic 
are outlined in Tables 5.2-5.5 below, in order of increasing atomic weight. The anions are grouped 
according to functionality: oxides, phosphorus containing, and nitroxy containing.  
 
Please note, regarding compound nomenclature, due to the large number of compounds 
prepared, a shorthand way of representing a given species was devised based on the synthetic 
precipitation methodology. These are presented in the form of CationAnion, for example ZnW is 
zinc tungstate (ZnWO4). The shorthand used for these is included in Tables 5.2 to 5.5 for 
convenience.  
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Table 5.2: The selected elements with water-soluble cationic forms.  
Element Formula Shorthand Notes 
Nitrogen NH4
+ NH4  
Magnesium Mg2+ Mg  
Aluminium Al3+ Al  
Calcium Ca2+ Ca  
Titanium Ti4+, TiO2+ - 1 
Manganese Mn2+ Mn 2 
Iron Fe2+, Fe3+ Fe2, Fe3  
Copper Cu2+ Cu 3 
Zinc Zn2+ Zn  
Tin Sn2+, Sn4+ Sn2, Sn4  
Bismuth Bi3+ Bi  
1) Titanium (IV), as either Ti
4+
 or TiO
2+
 requires exceptionally acidic 
conditions to be maintained in aqueous solution, making use unfeasible. 
2) Manganese possesses several higher oxidation states, including Mn (III) 
which are potent oxidising agents, impractical for use as flame 
retardants. 
3) Only copper (II) was included due to the poor solubility of many copper 
(I) species in aqueous media and their tendency to disproportionate to 
copper (II) and copper (0).  
 
Table 5.3: The selected elements with water soluble oxide anionic forms. 
Element Formula Shorhand Notes 
Boron B(OH)4
- B  
Carbon(ate) CO3
2- CO3  
Carbon (Oxalate) C2O4
2- C2O4  
Oxygen HO- OH  
Aluminium Al(OH)4
- Al  
Silicon Si(OH)4
2- Si  
Titanium TiO3
2- - 1 
Molybdenum MoO4
2- Mo  
Tin Sn(OH)3
-, Sn(OH)6
2- Sn 2 
Tungsten WO4
2- W  
(1) Titanium (IV) as TiO3
2-
 is exceptionally difficult to maintain in aqueous solution, requiring 
saturated hydroxide solutions, which are impractical for synthesis.  
(2) In aqueous solution, tin (II) anions (such as stannite, Sn(OH)3
-
), are susceptible to 
oxidation and disproportionation to Sn(0) and Sn (IV), thus such only stannate (SnO3
2-
/Sn(OH)6
2-
) was considered. 
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Table 5.4: The selected forms of phosphorus, arranged by oxidation state and degree of 
protonation.  
Oxidation 
State 
Form Formula Shorthand Notes 
P (I) Hypophosphite H2PO2 H2PO2  
P (III) Hydrogenphosphite H2PO3 H2PO3  
 Phosphite HPO3
2 HPO3  
 Phenylphosphonate PhPO3
2 PhPO3  
P (V) Dihydrogen phosphate H2PO4 - 1 
 Hydrogen phosphate HPO4
2 - 1 
 Phosphate PO4
3 P  
 Pyrophosphate P2O7
4 PP  
 Triphosphate P3O10
5 TP  
(1) Many compounds of hydrogen and dihydrogen phosphate are water soluble, 
and can also dehydrate to pyro-and polyphosphates respectively. Thus these 
species were proposed but ultimately not investigated. 
 
Table 5.5: The selected nitroxy containing anions.  
Form Name Formula Shorthand Notes 
Organic o-Nitrophenolate C6H4(NO2)O
- NO2  
 Salicylaldoximate (sal) C6H4(CHNOH)O
- sal  
 Dimethylglyoximate (dmg)  C4H7N2O2
- dmg  
Inorganic Hexanitromanganate (II) [Mn(NO2)6]
4 Mn  
 Hexanitrocuprate (II) [Cu(NO2)6]
4- Cu  
 Hexanitrozincate (II) [Zn(NO2)6]
4- Zn  
 Nitritoborate B(OH)3.NO2
- - 1 
(1) The synthesis of this adduct anion was attempted by the combination of sodium nitrite 
and boric acid in a 1:1 ratio. FTIR analysis of the crystallised material confirms changes in 
the structure of both species present by the loss of several bands and the formation of 
several new ones. TGA/DTA analysis also reflects these observations, with significant 
changes observed in the degradation profile of the co-precipirated material compared to 
the starting materials. See Appendix 3 for spectra and TGA/DTA profiles. 
 
Due to the vapour-phase radical quenching role phosphorus can play in fire retardancy as outlined 
in Chapter 2,[1, 2] a number of organic and inorganic nitroxy containing species were devised 
which, by the release of NOx radicals, could promote similar activity. Several of these 
(salicylaldximate and dimethylglyoximate) are common ligands in organometallic chemistry, 
whereas the others are inorganic complexes containing similar functionality, inspired by the 
cobalt compound, potassium cobaltinitrite (K3[Co(NO2)6]), an insoluble species used for analysis of 
Co3+. The postulated mechanism of action of these compounds is outlined below in Equations 5.1 
a to e, along with the known mechanism of action of hydrogen halides (as outlined in Chapter 2) 
in Equations 5.2 a and b for comparison.[2] An organic compound containing similar NOx 
functionality has been found to impart flame resistance to polyolefins.[3] 
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O=N. + H-O.  O=N-O-H    (5.1a) 
O=N-OH + H.  O=N. + H-O-H  (5.1b) 
O=N. + H.  O=N-H     (5.1c) 
O=N-H + H-O.  O=N. + H-O-H   (5.1d) 
O=N-O. + O=N-O.  O=N. + O=N. + O=O (5.1e) 
 
X. + H.  H-X     (5.2a) 
H-X + HO.  X. + H-O-H   (5.2b) 
 
Please note that the syntheses are divided into two phases, Phase 1 and Phase 2 depending upon 
when in the project they were conducted. The synthetic methodology did not change during this 
division, but the TGA/DTA screening selection parameters were for greater selectivity of target 
compounds. This is discussed below.  
 
5.1.3: Synthesis Methodology 
As outlined above and previously in Chapter 4, a simple acid-base precipitation method was used 
to prepare a number of metal oxalates for testing as potential fire retardant compounds. There, 
synthesis using stoichiometric amounts of 1 mol/dm3 solutions of metal salts and oxalic acid in 
water gives the respective metal oxalates in quantitative yields, and using a similar method, many 
inorganic compounds can be prepared. Therefore, this method was applied to the reagents 
outlined above and each cation/acid was systematically reacted with each base/anion to 
determine if a water-insoluble compound would result together with water-soluble by-products 
(such as sodium chloride). Reagents were prepared as 1 mol/dm3 solutions, excepting bismuth 
(III), sodium pyro and triphosphate and salicylaldoximate. Given the variety of positive and 
negative charges on the selected cations and anions, charge-neutrality in the products was 
maintained by using stoichiometric amounts of the reagents used to give a charge-neutral 
complex. Several examples of this are illustrated below in Equations 5.3a and b, the total 
amounts of reagent used were scaled to give approximately 50 ml of filtrate at the end of each 
attempted reaction. 
 
A3+:B2- 2Fe3+ (aq)+ 3WO4
2- 
(aq)  Fe2(WO4)3 (s) (5.3a) 
20 ml + 30 ml   50 m  
 
A4+:B2- Sn4+ (aq) + 2MoO4
2- 
(aq)  Sn(MoO4)2 (s) (5.3b) 
20 ml + 40 ml   60 ml  
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5.1.4: Screening for Potential Flame Retardant Interactions with Engineering Polymers 
A large number of potential flame retardants were synthesised in the above described procedure, 
and so, a method of screening these for activity with engineering polymers was required. One 
such appropriate method is to perform simultaneous thermogravimetric and differential thermal 
analysis (TGA/DTA) upon mixtures of a polymer and potential flame retardant, a technique which 
is fast and provides a wealth of information about the interactions between the components of 
the mixture, including effects of potential flame retardant compounds on the degradation of the 
polymer and potential for char promotion. The model engineering polymer selected for this 
project was polyamide-6,6 (PA66), which was first prepared as a powder and analysed using 
TGA/DTA as an internal standard. Each flame retardant candidate compound (FRC) was then 
finely powdered and mixed with the PA66 powder in a 1:3 mass ratio and analysed using the same 
method. This mass ratio was chosen because it represents a 25 wt% level of flame retardant in 
the polymer, a level which viable formulations rarely exceed, but from which a clear 
determination of any interactions would also result. From each analysis, a range of important data 
was extracted, including the effect on the onset of degradation, peak degradation rates and high 
temperature (> 500 oC) residue yield. These allowed for interpretation of possible interactions 
between FRCs and PA66 that might suggest flame retardant activity and  identificaty appropriate 
candidates for further study.  
 
5.1.5: Further Screening for Activity with Engineering Polymers: Char Promotion Potential 
Of the approximately 170 compounds successfully synthesised and screened for activity via the 
above methods, 57 were deemed to display favourable interactions with PA66 and thus were 
selected for more in-depth study. This further analysis focused on the char promotion potential of 
the FRCs in PA66 using a differential mass technique, comparing calculated and observed 
degradation profiles of the PA66/FRC mixtures.[4] Additional TGA/DTA analyses were performed 
on the FRC samples alone and from this and the observed results for pure PA66, a theoretical 
thermal degradation profile could be calculated assuming no interaction occurred between FRC 
and PA66. This was then compared with the observed experimental result of the powder mixture 
to produce a graph of the residue difference over temperature for each FRC/PA66 mixture, allow 
for analysis of the char promotion potential of each compound. These concepts are shown in 
detail in Section 5.3.2, in Figures 5.2 to 5.5. 
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5.2: Experimental 
5.2.1: Synthesis Materials 
All acids/metals (cations) were employed as chloride, nitrate or sulphate salts of reagent grade 
(98% minimum purity), and were used with no further purification required. All bases/anions 
were employed as sodium or potassium salts of reagent grade (98% minimum purity), where 
possible. Hypophosphorous, phosphorous, phenylphosphonic and boric acids were procured as 
free acids of the minimum same purity, in addition to the organic nitroxy species investigated; 
dimethylglyoxime, salicylaldoxime and o-nitrophenol, where the required sodium salts were 
produced as described below. All reagents were acquired/procured from Fisher Scientific (UK) or 
Sigma Aldrich (UK).  
 
5.2.2: Screening of Synthesis Reactions 
The synthesis screening reactions were conducted to a general procedure, outlined below. All 
reagents were prepared as 1 mol/dm3 solutions; excepting bismuth (III) (as BiCl3), and sodium 
pyro and triphosphates, prepared at 0.5 mol/dm3 due to the lower solubilities of these 
compounds in aqueous solution, and sodium salicylaldoximate, prepared at 0.1 mol/dm3. Several 
reagents were procured as the free acids and thus neutralised for use in the same manner as the 
other anions: the required amount of reagent for the desired volume of 1 mol/dm3 solution was 
dissolved in a lesser amount of water to produce a concentrated solution and deprotonated 
stoichiometrically with sodium carbonate to the required pH level, the value of which was 
checked for these solutions to ensure the correct species had been formed. The sodium 
nitroxymetallate solutions were prepared by the addition of 1 equivalent of each respective metal 
chloride (MnCl2.4H2O, CuCl2.2H2O or ZnCl2) to 6 equivalents of sodium nitrite (NaNO2) dissolved in 
water, made up to the required volumes to give a 1 mol/dm3 solution of Na4[M(NO2)6] where M = 
Mn, Cu or Zn. Several examples of the deprotonation of acidic reagents to produce the sodium 
salts are illustrated below in Equations 5.4a to 5.4e. 
 
H3PO3 + Na2CO3  Na2HPO3 + H2O + CO2   (5.4a) 
2H2PO3 + Na2CO3  2NaH2PO3 + H2O + CO2   (5.4b) 
H2PO3Ph + Na2CO3  NaPO3Ph + H2O + CO2   (5.4c) 
2B(OH)3 + H2O + Na2CO3  2Na[B(OH)4] + CO2   (5.4d) 
2C6H4(NO2)OH + Na2CO3  2C6H4(NO2)ONa + H2O + CO2  (5.4e) 
 
To prepare a complex, an acid solution (x ml) was added dropwise over several minutes with 
stirring to the base solution (y ml). If a precipitate was successfully formed upon completion of 
the addition, the reaction mixture was allowed to continue stirring at ambient temperature for 30 
minutes. If a precipitate was not successfully formed, the reaction mixture was gently heated to 
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80 oC with stirring and maintained at this temperature for several minutes. If a precipitate formed, 
the mixture was cooled to room temperature, with stirring. Upon formation of a precipitate, this 
was isolated by Buchner filtration, washed with water (100 ml), dried under vacuum and oven 
dried at 80 oC overnight. If no precipitate was formed, the mixture was discarded. At all stages any 
observations were noted. For all reactions, the value of (x + y) was kept as close to 50 ml as 
possible, taking into account the variable stoichiometries of the starting materials as outlined 
above. For equally charged species, therefore, x = y = 25 ml. Reactions involving salicylaldoximate 
(sal) and dimethylglyoximate were conducted in a 2:1 ratio with respect to the cation, regardless 
of charge, due to the planar nature of the complexes formed.  
 
 
Figure 5.1: Structures of dimethylglyoxime (dmg, left) and salicylaldoxime (sal, right) complexes 
where M is the coordinated metal. These complexes are planar with the page, allowing for 
capping ligands above and below the metal centre. 
 
5.2.3: Preparation of Powdered PA66 
Powdered PA66 was prepared from the same pellets used for all compounding, as described in 
Chapter 3. The powder was prepared by first cooling the pellets to -196 oC using liquid nitrogen to 
embrittle them, allowing the latter to evaporate and then processing the cooled pellets in a coffee 
grinder. The process was repeated until powder of a satisfactorily fine consistency resulted. The 
produced powder was passed through a 50 µm sieve to ensure no excessively large particles 
remained. The powder was dried at 80 oC for several hours and then used as produced for all 
further experiments.  
 
5.2.4: Preparation of Powdered FRC-PA66 Mixtures 
Any FRC powders consisting of large particles were first dried to 80 oC and ground using a mortar 
and pestle. Each FRC powder (5 mg) followed by the PA66 powder (produced as described above, 
15 mg), was weighed into a glass vial to the nearest 0.1 mg, giving a 1:3 ratio of FRC:PA66 by 
mass. The powders were mixed intimately first using a spatula then by rapidly agitating the lidded 
vial. The mixtures were then dried to 80 oC before TGA/DTA analysis. 
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5.2.5: TGA/DTA Analysis of Powdered FRC-PA66 Mixtures 
TGA/DTA analysis was performed as described in Chapter 3, using approximately 10 mg of the 
produced powder mixes. All analyses were conducted with a heating rate of 20 oC/min under a 
100 ml/min flow of air.  
 
5.2.6: TGA/DTA Char Promotion Analysis 
The additional TGA/DTA analyses for these experiments were conducted in the same manner as 
described above, the FRC samples analysed were dried to 80 oC and ground to a fine powder using 
a mortar and pestle. The mass difference at each point of temperature for each PA66/FRC mixture 
was calculated using Equation 5.5 below. 
 
Mdiff = MPA66+FRC – (0.75.MPA66 + 0.25.MFRC)  (5.5) 
Where Mdiff is the mass difference, MPA66+FRC is the residue of the 3:1 PA66/FRC mixture, MPA66 is 
the residue of PA66 and MFRC is the residue of the FRC.  
 
5.3: Results and Discussion 
5.3.1: Small Scale Synthesis of Flame Retardant Candidates 
The results of the synthesis screening reactions are outlined below in Tables 5.6-5.8. Successful 
syntheses are denoted by a “Y” in each respective cell and unsuccessful syntheses (i.e. no 
precipitate or usable product was formed) are denoted by red cells. It should be noted that not all 
syntheses were conducted simultaneously, but rather the devising of matrices, synthesis, testing 
and screening was a progressive process, with the synthesis and screening of several compounds 
occurring as others were undergoing large scale synthesis, compounding or fire testing. Several 
series of compounds were produced during the earlier stages of the project, and while all samples 
ultimately passed through the same screening processes, several parameters were adjusted over 
time for greater selectivity after the initial batch of synthesised compounds had been tested. As a 
result of this, several series of compound are marked in green in the tables below, representing 
those compounds that were synthesised during the earlier stages of the project. Full details of the 
reagents and volumes used and results and observations of the synthesis screening can be found 
in Appendix 1.  
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Table 5.6: Results of the synthesis screening of the complexes containing oxide anions. 
 Mg2+ Al3+ Ca2+ Mn2+ Fe2+ Fe3+ Cu2+ Zn2+ Sn2+ Sn4+ Bi3+ 
B(OH)4
- Y Y Y Y Y Y Y Y Y Y Y 
CO3
2- Y Y Y Y Y  Y Y Y Y Y 
C2O4
2- Y  Y Y Y  Y Y Y  Y 
HO- Y Y  Y Y Y Y Y Y Y Y 
Al(OH)4
- Y Y Y Y Y Y Y Y Y Y Y 
Si(OH)4
- Y Y Y Y Y Y Y Y Y Y  
MoO4
2-  Y Y Y Y Y Y Y Y Y  
Sn(OH)6
2- Y Y Y Y Y Y Y Y Y Y Y 
WO4
2-  Y Y Y Y Y Y Y Y Y Y 
Key: Green =  Phase 1 Synthesis. Red = No Precipitate Formed 
 
All borates were successfully isolated. Of the attempted carbonate syntheses, only iron (III) did 
not successfully form a precipitate. The synthesis of aluminium and iron (III) oxalates was not 
attempted due to the known water solubility of these compounds and tin (IV) oxalate was not 
successfully precipitated, possibly for the relative chemical similarity of the hard Al3+, Fe3+ and Sn4+ 
ions. Of the hydroxide syntheses, only calcium hydroxide could not be isolated due to the formed 
particulates being of minimal size and thus passing through the filter. It should be noted that 
hydroxides and carbonates are included here as effective precursors to oxides, as these species 
undergo loss of water or carbon dioxide at elevated temperatures, as exemplified by Equations 
5.6a and 5.6b. All aluminates and silicates were successfully precipitated. Only magnesium and 
bismuth molybdates did not successfully precipitate, likely due to the small ionic radius of Mg2+ 
and the increased acidity required to maintain Bi3+ in aqueous solution, in which MoO3 is partially 
soluble. All stannates were successfully precipitated. A similar observation to that of magnesium 
molybdate was observed in the attempted synthesis of the tungstate: no precipitate was formed, 
possibly for the same reason mentioned above. 
 
M(OH)2x  MOx + xH2O  (5.6a) 
M(CO3)x  MOx + xCO2  (5.6b) 
 
Table 5.7: Results of the synthesis screening of the complexes containing phosphorus anions.  
 Mg2+ Al3+ Ca2+ Mn2+ Fe2+ Fe3+ Cu2+ Zn2+ Sn2+ Sn4+ 
H2PO2
-  Y    Y     
H2PO3
-    Y  Y   Y  
HPO3
2- Y Y Y Y Y Y Y Y Y  
PO4
3- Y Y Y Y Y Y Y Y Y Y 
P2O7
4- Y Y Y Y Y Y Y Y Y  
P3O10
5- Y Y Y Y Y Y Y Y Y  
PhPO3 Y Y Y Y Y Y Y Y Y Y 
Key: Green =  Phase 1 Synthesis. Red = No Precipitate Formed 
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In Table 5.6, only aluminium and iron (III) hypophosphites were successfully isolated, possibly due 
to the interesting crystal structure such as long chains of Fe3+ cations linked by bridging 
hypophosphite anions, formed by the iron compound, and the chemical similarity between Al3+ 
and Fe3+.[5] Similarly, only three hydrogen phosphites were successfully isolated: manganese, iron 
(III) and tin (II). All phosphites excepting tin (IV) were isolated, and all phosphates were isolated. 
All pyro and triphosphates excepting those of tin (IV) were successfully isolated. All 
phenylphosphonates were successfully isolated. The failure to successfully isolate several of the 
tin (IV) compounds can possibly be attributed to the acidity of this compound in aqueous media, 
stemming from the partial hydrolysis of the [Sn(H2O)6]
4+ ion as outlined in Equation 5.7.  
 
 [Sn(H2O)6]
4+ + H2O  [Sn(OH)(H2O)5]
3+ + H3O
+ (5.7) 
 
Table 5.8: Results of the synthesis screening of the complexes containing nitroxy anions.  
 Mg2+ Al3+ Ca2+ Mn2+ Fe2+ Fe3+ Cu2+ Zn2+ Sn2+ Sn4+ Bi3+ [K2Ca]
4+ 
o-NO2
- Y Y Y Y Y  Y Y  Y Y - 
sal- Y  Y Y Y  Y Y OIL  Y - 
dmg- Y Y  Y Y Y Y Y Y Y Y - 
Mn(NO2)6
4-          Y   
Cu(NO2)6
4-          Y  Y 
Zn(NO2)6
4-          Y  Y 
Key: Green =  Phase 1 Synthesis. Red = No Precipitate Formed 
 
The attempted synthesis of all o-nitrophenolates resulted in a successful product isolation except 
for iron (III) and tin (II). The syntheses of salicylaldoximate complexes was successful except those 
containing aluminium, iron (III) and tin (IV) and interestingly, the attempted synthesis of tin (II) 
salicylaldoximate resulted in the formation of a yellow, hydrophobic oil, rather than a solid 
compound. All dimethylglyoxime complexes excepting calcium were successfully isolated. Of the 
nitrometallate starting materials, no single cation other than tin (IV) resulted in a successful 
precipitation. This could be attributed to the matching charges of cation and anion. Another 
combination of ions capable of precipitating such ions exist in the form of potassium and calcium 
in a 2:1 ratio, which successfully isolated the copper and zinc nitroxy complexes.[6, 7] It was 
proposed, as explained above, that these compounds might be capable of imparting an alternate 
mechanism of vapour phase flame retardance to polymers.  
 
As such, of 241 possible compounds from the above matrices, 172 were successfully synthesised 
and isolated, which were then screened using simultaneous thermogravimetric and differential 
thermal analysis (TGA/DTA) with PA66 to detect any potential flame retardant activity, as 
described in Section 5.2.5, above.  
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5.3.2: Interaction Studies of Flame Retardant Candidate Compounds with Engineering Polymers 
Each FRC was screened using TGA/DTA analysis in air as a powdered mixture with PA66 in a 3:1 
ratio by mass, a level at which any interactions, positive or negative, would be clearly evident, and 
which is a reasonable maximum concentration of flame retardant for an engineering polymer, 
corresponding to 25 wt%. TGA/DTA is a useful technique for such analysis as a large amount of 
information regarding interactions can be gathered from a single analysis which takes only a 
moderate amount of time and which is appropriate given the large number of samples to be 
tested. Examples of the data collected from this technique are presented below in Figure 5.2, 
showing the mass loss over temperature (thermogravimetric analysis, TGA), Figure 5.3, showing 
rate of mass loss over time (derivative thermogravimetric analysis, DTG), and Figure 5.4, showing 
the differential thermal analysis (DTA), an indicator of endo or exothermic processes occurring in 
the sample. The three examples shown graphically below are the 3:1 mixture of PA66 and zinc 
tungstate (ZnWO4).  
 
 
Figure 5.2: Example of TGA curve, comparing Nylon 66 powder, and Nylon 66/ZnWO4 mix in air. 
 
As can be seen from Figure 5.2 above, showing the mass loss of pure PA66 and PA66/ZnWO4 with 
temperature, the initial mass losses of both samples are similar until approximately 370 oC, and 
are marked by a 2-3% mass loss attributable mainly to the loss of adsorbed moisture. At 370 oC, 
the degradation of pure PA66 commences gradually, until 480 oC, where the primary degradation 
step ceases and a secondary step begins, ceasing by 540 oC with the complete volatilisation of the 
polymer. For the PA66/ZnWO4 mixture, the onset of degradation is more sudden, starting at 370 
oC and proceeding via a two-step process which ceases at 480 oC, yielding a residue of 38% at this 
temperature. This residue undergoes oxidation, at high temperatures dropping to 30% at 580 oC. 
ZnWO4 loses water up to 120 
oC and very slowly loses mass beyond this at a steady rate. 
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Figure 5.3: Example of DTG curve, comparing Nylon 66 powder, and Nylon 66/ZnWO4 mix in air. 
 
As can be seen from Figure 5.3 above, which shows the rate of mass loss of pure PA66 and 
PA66/ZnWO4 with temperature, there are distinct differences in the degradation of PA66 when an 
FRC is included. Pure PA66 degrades in a two-step process, the peak mass loss rate of the main 
degradation occurring at 455 oC and the secondary, char oxidation step occurring at 530 oC. 
PA66/ZnWO4 has a lower onset of degradation than pure PA66, with two smaller, broader peak 
mass loss rates occurring at 410 and 470 oC respectively, representing a significant alteration of 
the degradation chemistry of PA66. The rate of char oxidation at high temperatures (> 500 oC) is 
also significantly diminished compared to pure PA66, as observed in Figure 5.2, and a substantial 
amount of residue is retained at high temperatures. The small peak for ZnW peaking at 90 oC is 
from the loss of water. 
 
 
Figure 5.4: Example of DTA curve, comparing Nylon 66 powder, and Nylon 66/ZnWO4 mix in air. 
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Figure 5.4 shows the differential thermal analysis (DTA) curves for PA66 and PA66/ZnWO4. DTA is 
similar in many respects to differential scanning calorimetry (DSC), although this technique is 
semi-quantitative when compared to the far more accurate DSC, but far higher operating 
temperatures are possible. The graphs represent the difference in temperature per milligram of 
sample between the sample pan and a reference. Negative peaks relative to the baseline 
represent endothermic processes occurring in the sample pan, whereas positive peaks represent 
exothermic processes. Both samples display endotherms at just under 100 and 260 oC, 
corresponding to the loss of adsorbed water and the melting of PA66 respectively. Beyond this, 
the similarities between the samples diverge. Pure PA66 degrades exothermically, with peak 
exotherms occurring at 455 and 530 oC respectively, corresponding to the peak mass loss rates 
observed in Figure 5.3, with the latter, larger peak matching the oxidation of char at high 
temperature, a highly exothermic process. For PA66/ZnWO4, an endothermic peak is observed in 
correspondence with the 410 oC mass loss peak, a slight exotherm corresponding to the 470 oC 
mass loss DTG peak and a larger exotherm corresponding to char oxidation at higher 
temperatures. ZnWO4 displays a large endotherm at 90 
oC representing the loss of water, and a 
pair of slight exotherms at 270 and 330 oC representing crystal phase changes. 
 
As can be seen from the analysis of Figures 5.2 to 5.4 above, a considerable amount of data can 
be extracted from the TGA/DTA analysis performed. As such, several key pieces of data were 
extracted from each sample to allow for better analysis of the performance of the FRCs in PA66, 
taking into account the effects on the degradation and char promotion in the polymer. The data 
extracted and selection criteria are outlined below, with an example of the data collected 
presented in Table 5.9. Full details of the results can be found in Appendix 2. TGA/DTA analysis 
confirmed no excessive degradation of the polymer had occurred in this process when compared 
to the raw polymer chips. 
 
TGA (Thermogravimetric Analysis) and DTG (Differential Thermogravimetric Analysis) response 
analyses under air conditions: 
 Temperature to 5% and 10% mass losses, representing the early interactions for each 
sample. In the case of some FRCs, loss of waters of hydration can occur above the 80 oC 
drying temperature and thus this was taken into account. The minimum temperature set 
for the 5% mass loss was 200 oC and the 10% mass loss, 300 oC. These were also 
considered with in combination with the DTG and DTA data for the aforementioned 
reasons, if an erroneous interaction was occurring between PA66 and FRC, the DTG and 
DTA would change accordingly.  
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 Temperature to 50% mass loss, which represents the main degradation point of the 
polymer. If this value was excessively low (<350 oC), then the FRC was rejected. 
 Residue remaining at 580 oC, representing the degree of char formation promoted by the 
FRC, the higher the better. A minimum value of 10% was selected for the Phase 1 FRCs 
produced (highlighted in green in Tables 5.10 to 5.12, though this was later increased to 
25% with the Phase 2 compounds for more selective screening. This was one of the 
primary selection parameters for the FRCs. 
 Significant peak mass loss rates (DTG). Any FRC promoting major mass losses occurring at 
<350 oC were rejected, excluding loss of water from hydrated samples. 
 
DTA (Differential Thermal Analysis) analyses under air conditions: 
 Correspondence with DTG peaks was noted, any multiplicity and the apparent endo- or 
exothermicity of peaks relative to the nominal baseline of the DTA. Any FRCs promoting 
large exotherms, which represent negative interactions, below 350 oC were rejected. 
 
Table 5.9: Example TGA/DTA interactions of the oxide anion matrix FRCs with PA66 for the borate 
samples and the PA66 controls. The full details for all compounds can be found in Appendix 2. 
Sample TGA DTG DTA 
Anion Cation 5% 10% 50% 580 1 2 3 4 5 1 2 3 4 5 6 
PA66 Pellet 397 420 461 0.0 443 463 473 544 
 
-271 399 -461 542 
  
PA66 Powder 373 409 459 0.0 450 467 535 
  
-261 381 -442 -458 535 
 
B(OH)4
-
 Mg 152 356 441 11.7 234 437 499 516 
 
-258 362 495 
   
 
Al 310 405 462 15.1 450 467 535 
  
-261 381 -442 -458 535 
 
 
Ca 149 357 446 18.7 434 446 528 
  
-261 363 -410 432 451 527 
 
Mn 159 337 441 24.2 431 450 513 
  
-260 345 434 455 510 
 
 
Fe(II) 294 380 444 14.2 341 430 446 511 
 
-262 340 391 504 
  
 
Fe(III) 326 378 432 14.6 414 465 534 
  
-262 -404 -460 531 
  
 
Cu 149 357 446 18.7 434 446 528 
  
-261 363 -410 432 451 527 
 
Zn 297 352 443 22.8 384 468 533 
  
-261 354 -386 476 534 
 
 
Sn(II) 335 359 447 24.4 348 386 458 557 
 
-260 355 -390 -447 557 
 
 
Sn(IV) 344 381 415 16.7 401 468 562 
  
-261 373 -401 558 
  
 
Bi 359 376 449 20.0 382 411 436 472 544 -261 346 -384 485 544 
 
Notes: 5, 10 and 50% are the temperatures to each integer mass loss in oC, 580 is the residue (% of starting total) at 580 oC and the 
numbered DTG and DTA numbers are the temperatures of peak mass loss rates (in oC) and corresponding endo or exothermic peaks 
respectively. For the latter, negative numbers note an endotherm, and bolded values are mulitplets, the given figure represents the centre 
peak. 
 
Tables 5.9 to 5.11 show the selection of FRC samples in the same format as the synthesis 
screening results, highlighting in particular the high temperature residue values of the PA66/FRC 
mixtures (at 580 oC). Compounds highlighted in red below were not successfully synthesised and 
so are excluded from this stage. Those anions highlighted in green were synthesised at an earlier 
stage of the project and thus have slightly different selection criteria to the Phase 2 samples in 
white, as outlined above. Compounds highlighted in orange did not produce a high enough 
residue at 580 oC to be considered for further study (10% for the Phase 1 compounds (green), 25% 
for the Phase 2 (white)). Compounds highlighted in yellow displayed other erroneous reactions 
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with PA66, such as early onsets of degradation. Highlighting of species in orange is not mutually 
exclusive with those highlighted in yellow – several FRCs with low mass residues at high 
temperature also promoted early degradation of the PA66/FRC mixtures, notably several of the 
nitroxy compounds. White or grey colouration notates the compounds considered for further 
study.  
 
Table 5.10: High temperature residue values under air and selection of the oxide anion FRCs.  
 Mg2+ Al3+ Ca2+ Mn2+ Fe2+ Fe3+ Cu2+ Zn2+ Sn2+ Sn4+ Bi3+ 
B(OH)4
- 11.7 15.1 18.7 24.2 14.2 14.6 14.5 22.8 24.4 16.7 20.0 
CO3
2- 15.7 16.4 22.8 8.7 18.2  16.6 15.5 26.6 31.3  
C2O4
2- 3.3  19.1 8.0 10.6  11.0 10.7 11.1  14.5 
HO- 13.8 18.0  17.1 13.7 25.3 19.4 22.3 23.4 31.3 20.7 
Al(OH)4
- 19.3 18.0 16.9 18.3 24.8 19.1 21.1 18.8 21.6 20.5 18.2 
Si(OH)4
- 13.3 21.2 17.3 16.0 13.6 14.9 20.2 14.2 24.9 27.4  
MoO4
2-  18.8 20.0 11.6 17.5 24.0 24.5 31.1 18.0 8.4  
Sn(OH)6
2- 15.5 13.4 19.8 15.5 7.6 17.4 17.9 16.4 19.1 8.5 20.1 
WO4
2-  27.4 16.8 24.1 13.0 23.7 22.4 32.5 26.9 22.0 15.0 
 
As can be seen from Table 5.9 above, of the Phase 1 synthesis FRCs (highlighted in green), where 
the minimum mass residue was set at 10% of starting total, most of the FRCs were deemed 
suitable for further study, but, owing to the leniency of this figure, it was increased to 25% of 
starting total for the Phase 2 samples to allow for greater selectivity. The other selection criteria 
remained the same. It was at this stage that several further decisions were made in an effort to 
reduce the large number of samples from the initially synthesised samples: firstly, the borate 
samples were discounted from further study on grounds of recent toxicity concerns;[8, 9] and 
secondly, the bismuth samples were discounted on grounds of cost, while not as costly as many 
high value materials, sources of bismuth are significantly more expensive than the other reagents 
investigated.  
 
Of the initially synthesised compounds, several of the oxalates were selected for further study, 
building upon the initial work performed in Chapter 4. Manganese oxalate was rejected due to 
the low amount of residue promoted at high temperature, whereas iron (II) oxalate was 
discounted as this compound degrades at a temperature lower than the processing temperatures 
of PA66. All of the aluminates excepting magnesium, iron (III) and copper (II) were selected for 
further study as these compounds promoted the early degradation of PA66. Of the molybdates, 
stannates and tungstates, only tin (IV) molybdate and stannate and iron (II) stannate were not 
selected for further study due to low residues produced at high temperature. Of the earlier 
compounds, this gave a total of 37 compounds deemed worthy of further study.  
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Of the Phase 2 compounds, with the more stringent selection criteria enforced, a greater number 
of compounds were rejected due to the significantly higher residue requirement (25% vs. 10%) at 
580 oC. Of the carbonates tested, only those of tin (II) (SnO) and (IV) (SnO2) were deemed suitable 
for further study and similarly, of the investigated hydroxides, only those iron (III) and tin (IV) 
produced residue levels appreciable for further study. Of the investigated silicates, only tin (IV) 
produced a high enough residue level to be accepted for further study. Thus, of the Phase 2 
compounds synthesised, 5 compounds were deemed worthy of further study.  
 
Table 5.11: High temperature residue values under air and selection of the phosphorus anion 
FRCs.  
 Mg2+ Al3+ Ca2+ Mn2+ Fe2+ Fe3+ Cu2+ Zn2+ Sn2+ Sn4+ 
H2PO2
-  37.2    40.7     
H2PO3
-    23.3  25.5   34.2  
HPO3
2- 20.0 17.0 22.8 17.6 19.5 26.1 31.4 26.9 27.6  
PO4
3- 22.2 19.7 18.4 22.9 18.9 18.4 19.4 22.3 27.7 18.7 
P2O7
4- 19.3 18.3 20.2 16.9 18.4 19.2 22.4 23.1 23.5  
P3O10
5- 24.9 18.3 22.3 23.8 23.3 23.2 24.3 23.1 30.1  
PhPO3 12.9 19.8 14.5 12.8 15.0 19.5 14.8 12.9 26.7 21.3 
 
As can be seen from Table 5.10 above, where, excepting for the hypophosphites, the increased 
high temperature residue criteria were enforced, the number of compounds suitable for further 
study is far more selective. Of the two hypophosphites successfully synthesised, both produced 
significant residues and were thus considered for further study. Of the three hydrogenphosphites 
synthesised, those of iron (III) and tin (II) were selected for further study. Of the phosphites 
synthesised, those of iron (III), copper, zinc and tin (II) were selected for further study. The 
remaining three compounds selected were all those of tin (II): phosphate, triphosphate and 
phenylphosphonate. As such, 11 compounds from this matrix were considered for further study.  
 
Table 5.12: High temperature residue values under air and selection of the nitroxy anion FRCs. 
 Mg2+ Al3+ Ca2+ Mn2+ Fe2+ Fe3+ Cu2+ Zn2+ Sn2+ Sn4+ Bi3+ [K2Ca]4+ 
o-NO2
-  9.0 10.1 1.2 10.5  10.1 27.1  13.1 21.4  
sal- 2.6  6.7 6.0 5.2  5.8 1.3   7.0  
dmg- 1.7 0.0  5.3 0.0 0.2 5.1 6.3 1.8 13.3 13.5  
Mn(NO2)6
4-          16.7   
Cu(NO2)6
4-          18.4  19.4 
Zn(NO2)6
4-          24.4  18.1 
 
As can be seen from Table 5.11 above, of the many o-nitrophenolate (o-NO2
-), salicylaldoximate 
(sal-) and dimethylglyoxime (dmg-) samples synthesised, all were rejected due to either low 
residue production at high temperatures or the promotion of early degradation of PA66. It was 
evident that such organometallic nitroxy species lack the thermal stability required for flame 
retardants suitable for use in polymers such as PA66 and as such this line of investigation was 
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terminated. Of the inorganic nitrometallates, five were successfully synthesised and four of these 
were deemed suitable for further investigation.   
 
Thus, out of 170 compounds synthesised successfully, 57 were selected for further study, as 
described below.  
 
5.3.3: Further Interaction Studies of Flame Retardant Candidate Compounds with Engineering 
Polymers: Char Promotion Potential 
Given the large number of compounds considered for further study, 57 in total, of which the 
selection is described above, a second stage of TGA/DTA screening under flowing air was 
undertaken to explore in greater depth the action of each FRC on the degradation of PA66 using 
differential mass analysis, as outlined in Section 5.2.6. To this end, further TGA/DTA analyses 
were performed on the FRC powders and from this and the known degradation of PA66, a 
theoretical TGA/DTA curve without interaction between two components was calculated. This 
was then compared to the observed interaction and the level of residue over the range of 
degradation temperatures (every 20 oC between 300 and 580 oC) was determined using Equation 
5.5. A graphical representation of this procedure for the example illustrated above (PA66/ZnWO4) 
is shown below in Figure 5.5.  
 
 
Figure 5.5: Mass difference graph between the observed and calculated degradation curves of the 
3:1 mix of PA66 and ZnWO4 powders, the same example as Figures 1-3 above, performed under 
air. 
 
As can be seen from Figure 5.5 above, ZnWO4 promotes the formation of a significant amount of 
additional residue above 470 oC. The trough in the graph between 380 and 470 oC represents the 
acceleration of degradation of PA66 observed in all samples. These data processes were 
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performed only above 300 oC as little effect occurs for the majority of samples below this 
temperature, and between this starting point and 580 oC, the primary degradation processes of 
PA66 occur. The graphs produced by these analyses are shown below in Figures 5.6 to 5.20, 
grouped, for convenience and ready comparison, by anion. For those compounds synthesised 
initially, a high temperature mass residue in excess of 5% over the baseline was considered for 
positive activity. Note the lower number of samples per graph in the Phase 2 samples due to the 
greater selectivity of the parameters applied above.  
 
5.3.3.1: Phase 1 Syntheses  
 
Figure 5.6: Differential mass graphs for selected oxalates under air.  
 
The oxalate/PA66 differential mass graphs for the selected samples are shown in Figure 5.6 
above, of which only zinc oxalate (ZnC2O4) was selected for further study due to the significantly 
increased residue between 480 and 540 oC compared to the other samples. This could be 
attributed to the Lewis-acidic behaviour of the small, highly charged Zn2+ ion present in this 
compound, catalysing cross-linking of the polymer at high temperature and thus leading to 
formation of char. The lower performance of calcium oxalate could be accounted for the fact that 
it degrades only to its carbonate (CaCO3) at the temperatures involved, though in the presence of 
additional, acidic flame retardants (Br and/or P containing), would catalyse the degradation of this 
species to the oxide (CaO), which may have proven more active, as seen in Chapter 4.  
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Figure 5.7: Differential mass graphs for selected aluminates under air. 
 
The aluminate/PA66 mass differential graphs for the selected samples are shown in Figure 5.6 
above. From this series, only iron (II) aluminate (Fe[Al(OH)4]2) was selected as it produced the 
highest residue (i.e. > 5% over the baseline) and had one of the lowest effects on the degradation 
of PA66 compared with the rest of the series. As this species contains Fe (II) ions, reductive cross-
linking of PA66 is possible, or alternately, the similar Lewis-acidic activity of the Al3+ ions as for 
zinc oxalate described above.  
 
 
Figure 5.8: Differential mass graphs for selected molybdates under air.  
 
The molybdate/PA66 mass differential graphs for the selected samples are shown in Figure 5.8 
above. From this series, only zinc molybdate was selected as it produced significantly more 
residue relative to the other samples in the series, possibly attributable to similar mechanisms 
described for Zn2+ above. 
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Figure 5.9: Differential mass graphs for selected stannates under air. 
 
The stannate/PA66 mass differential graphs for the selected samples are shown in Figure 5.9 
above. None of these samples was ultimately selected due to the lower residue promoted by all 
of them compared with other samples series, notably the molybdates and especially the 
tungstates.  
 
 
Figure 5.10: Differential mass graphs for selected tungstates under air. 
 
The tungstate/PA66 mass differential graphs for the selected samples are shown in Figure 5.10 
above. From this series, three samples were selected: aluminium zinc, and tin (II) tungstates, all of 
which promoted the highest degree of residue relative to other samples, with zinc tungstate 
promoting the highest residue of all the Phase 1 synthesis compounds. The mechanism of action 
of these compounds in promoting char could be attributed to a number of potential mechanisms, 
including reductive or acid-catalysed cross-linking.  
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Figure 5.11: Differential mass graphs for the selected metal nitrite complexes under air.   
 
The nitroxy complex/PA66 mass differential graphs for the selected samples are shown in Figure 
5.11 above. These compounds were included to determine whether NOx could serve as a viable 
vapour-phase flame retardant and not because of any particular char promotion potential. The 
effect of the nitroxy species on the degradation of PA66 was within the bounds of many of the 
other samples selected for further study. 
 
5.3.3.2: Phase 2 Syntheses  
 
Figure 5.12: Differential mass graphs for the selected carbonate samples under air.   
 
The carbonate/PA66 mass differential graphs for the selected samples are shown in Figure 5.12 
above. The two compounds here, tin (II) and (IV) carbonates, decompose when synthesised to 
give their respective oxides. Of these, tin (II) carbonate was selected for further study due to the 
lesser effect on the degradation of PA66 (less deep trough) and the greater level of residue 
promoted. As Sn (II) is a strong reducing ion, the improved level of char could be attributed to 
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reductive cross-linking of PA66, whereas Sn (IV) is a small, highly charged ion, where Lewis-acidic 
interactions are likely more favourable.  
 
 
Figure 5.13: Differential mass graphs for the selected hydroxide sample under air. 
 
The hydroxide/PA66 mass differential graphs for the selected samples are shown in Figure 5.13 
above. The only compound in this series, iron (III) hydroxide (Fe(OH)3), was not investigated any 
further due to promoting a lower residue than the other samples in the field.  
 
 
Figure 5.14: Differential mass graphs for the selected silicate sample under air. 
 
The silicate/PA66 mass differential graphs for the selected samples are shown in Figure 5.14 
above. This sample was ultimately not selected for further study as other samples of the Phase 2 
syntheses produced a far higher residue.  
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Figure 5.15: Differential mass graphs for the selected hypophosphite samples under air.   
 
The hypophosphite/PA66 mass differential graphs for the selected samples are shown in Figure 
5.15 above. Both aluminium and iron (III) hypophosphite show greatly increased char yields when 
compared to many of the other series. However, ultimately, only the iron species was 
investigated further as the aluminium compound is patented and commercially available.[10, 11] The 
activity of these compounds could be attributed to a number of processes. The P-H bonds of the 
hypophosphite anion are quite labile at high temperatures and capable of reacting with a range of 
organic moieties. Additionally, the anion is also a strong reducing agent, and thus could be 
capable of reductively cross-linking PA66. Oxidation or disproportionation to phosphate, a 
strongly acidic anion, is also possible, and the presence of metal cations can function in a similar 
manner and/or facilitate the reactions of the anion.  
 
 
Figure 5.16: Differential mass graphs for the selected hydrogenphosphite samples under air.   
 
The hydrogenphosphite/PA66 mass differential graphs for the selected samples are shown in 
Figure 5.16 above. Of these, only tin (II) hydrogenphosphite was selected for further study due to 
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the increased mass produced at high temperature over the iron (III) species. The mechanism of 
action of this compound again could be multifaceted: reductive cross-linking and the action of the 
phosphite ion in a similar manner to the hypophosphites described above.  
 
 
Figure 5.17: Differential mass graph for the selected phosphite samples under air. 
 
The phosphite/PA66 mass differential graphs for the selected samples are shown in Figure 5.17 
above. Ultimately none of these compounds was carried forward for further study due to the 
lower mass promotion at high temperatures. The copper (II) compound, is of note, as while giving 
the highest mass retention of all compounds, the degradation of PA66 is accelerated relative to 
the other compounds in the series.  
 
 
Figure 5.18: Differential mass graph for the selected phosphate sample, tin (II) phosphate under 
air.   
 
The phosphate/PA66 mass differential graphs for the selected samples are shown in Figure 5.18 
above. This only compound in this group, tin (II) phosphate, was not carried forward for further 
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study as more samples in other series produced a greater residue values at high temperatures. 
The action of this compound could be attributed to reductive cross-linking by tin (II).  
 
 
Figure 5.19: Differential mass graph for the selected tin (II) triphosphate sample under air. 
 
The triphosphate/PA66 mass differential graphs for the selected samples are shown in Figure 5.19 
above. Tin (II) triphosphate was carried forward for further study due to the high level of residue 
promoted at high temperatures. The mechanism of action of this compound could be akin to 
other tin (II) compounds, in addition to acid-catalysed cross-linking of PA66 chains via the P-O-P 
bonds in the triphosphate anion.  
 
 
Figure 5.20: Differential mass graph for the selected tin (II) phenylphosphonate sample under air. 
 
The phenylphosphonate/PA66 mass differential graphs for the selected samples are shown in 
Figure 5.20 above. Tin (II) phenylphosphonate was carried forward for further study due to the 
high level of residue promoted at high temperatures. The action of this compound could lie in a 
number of potential mechanisms, including the reductive cross-linking outlined above. It is also 
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plausible that the C-P bond of the phenylphosphonate anion can break at elevated temperatures, 
producing active phosphorus species which may promote the formation of greater char or act as a 
vapour-phase flame retardant in its own right. The samples selected are concluded below. 
 
5.4: Conclusions 
From the 35 selected reagents and approximately 230 target flame retardant candidates, around 
170 were successfully synthesised. Some were not successfully isolated due to solubility in water, 
or erroneous occurrences during synthesis (such as the evolution of hazardous gases, or excessive 
generation of heat) which would present a hazard upon industrial-scale synthesis. A cursory 
characterisation on a selection of the produced compounds was undertaken and the synthetic 
procedure verified. The syntheses were a sequential process, with the Phase 2 synthesis 
compounds being produced in parallel with work in the later chapters (6 to 8), and as such 
screening parameters, as described below, were refined for greater selectivity.  
 
The 170 compounds were screened as powder mixtures with PA66 (in a 1:3 ratio by mass with the 
polymer) using TGA/DTA under air to discern any positive flame retardant interactions such as 
char promotion. A range of selection parameters were applied to the temperatures of onset and 
peak rate of degradation and the amount of residues at high temperatures. For the two groups of 
flame retardant candidates (Phase 1 and Phase 2), the parameters were changed, achieving 
greater selectivity, as the initially selected values allowed many samples to be considered, 
requiring a second stage of screening to further narrow the preferable candidates. This screening 
(applied to both Phase 1 and Phase 2 FRCs), narrowed the total number of preferable compounds 
from around 170 to 57. Many more compounds were rejected as these failed to achieve an 
adequate degree of high temperature residue (580 oC, an indicator of char promotion) or 
promoted the early degradation of PA66 (onset < 300 oC) under flowing air.  
 
The 57 selected compounds were subjected to a second stage of screening using a more 
advanced technique, building upon that outlined above. Additional TGA/DTA experiments were 
performed under flowing air on the FRCs themselves, allowing for a theoretical TGA/DTA curve to 
be constructed for each FRC/PA66 mixture. This was then compared with the observed curve for 
the experimental mixture, allowing for a graph of mass difference over temperature to be plotted, 
and thus the effect of each FRC on the degradation and char promotion in PA66 to be quantified 
and more readily compared with other samples, taking into account any mass loss from the FRC 
itself. These measures allowed for the selection of 16 compounds from the 57 initially considered, 
whose behaviour was deemed superior to the others selected.  
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The larger scale synthesis, full characterisation and fire testing of the selected compounds are 
outlined in Chapter 6. The compounds selected are summarised below:  
 Zinc Oxalate,  
 Iron (II) aluminate 
 Zinc molybdate 
 Aluminium, zinc and tin (II) tungstates 
 Stannic, manganese, copper and zinc nitroxymetallates, and potassium calcium zinc 
nitroxymetallate. 
 Tin (II) oxide 
 Iron (III) hypophosphite 
 Tin (IV) silicate 
 Tin (II) hydrogenphosphite 
 Tin (II) triphosphate 
 Tin (II) phenylphosphonate 
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Chapter 6: Large Scale Synthesis, Characterisation, Compounding and Initial Fire Testing of 
Flame Retardant Candidate Compounds 
 
6.1: Introduction 
Previously, as described in Chapter 5, 170 synthesised candidate compounds which could act as 
flame retardants for engineering polymers were successfully produced and screened for potential 
flame retardant activity with a model polymer (PA66) using TGA/DTA through two successive 
stages of analysis. This enabled the narrowing down of the number of candidates to 16 
compounds which displayed the most promising behaviour in terms of char promotion and/or for 
potentially possessing a novel mechanism of fire retardant activity. These compounds were 
divided into two phases depending upon when in the project they were produced. The selected 
Phase 1 compounds were: zinc oxalate (ZnC2O4), iron (II) aluminate (FeAl2O4), zinc molybdate 
(ZnMoO4), aluminium, zinc and tin tungstates (Al2(WO4)3, ZnWO4 and SnWO4), stannic manganese, 
copper and zinc nitroxymetallates, (SnM(NO2)6 where M = Mn, Cu or Zn), potassium calcium zinc 
nitroxymetallate (K2CaZn(NO2)6) and iron (III) hypophosphite (Fe(H2PO2)3). The compounds 
produced later, in Phase 2, were synthesised using the same production method but were 
screened using TGA/DTA with more stringent selection parameters so as to more selectively limit 
the number of compounds. The selected Phase 2 compounds were: tin (II) oxide (SnO, tin (IV) 
silicate (SnSi2O6), tin (II) hydrogen phosphite (Sn(H2PO3)2), tin (II) triphosphate (Sn5(P3O10)2) and tin 
(II) phenylphosphonate (SnPhPO3).  
 
Previously, however, these compounds had only been produced on a small (c. 10 g) scale (see 
Chapter 5), insufficient for significant further testing to be undertaken, and as such, scaling of the 
synthesis to a more appropriate level was required. The screening reactions were conducted using 
a scaled down acid-base precipitation process which, when exploited industrially, could be used 
to synthesise multi-tonne scale batches. In this way, increasing the size of the reactions to a more 
appropriate level (c 100 g) was readily achieved and proved to highlight several upscaling 
difficulties and phenomena not encountered in the small scale investigatory reactions.  
 
Furthermore, since only a cursory characterisation had been undertaken on the small scale 
compounds, and as such, in order to verify that the synthetic processes had in fact produced the 
desired products, a range of analytical techniques would be required to determine the accurate 
composition of the selected compounds produced.  
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Once synthesised and characterised, conditions for and the ability of the candidate materials to 
be compounded into PA66 would need to be verified in order to produce acceptable polymer 
composites, whose stability and fire retardant performance would be studied by a range of 
methods, including TGA/DTA, UL94, LOI and cone calorimetry.  
 
6.2: Experimental 
6.2.1: Synthesis Materials 
The materials used for the large scale syntheses were the same as those used in the exploratory 
syntheses, as described in Chapter 5 and repeated in Table 6.1. All were of reagent grade (98+ % 
purity) and used as purchased without further purification. Several anions were prepared as 
sodium salts from the free acids by deprotonation with stoichiometric amounts of sodium 
carbonate of the same grade.  
 
6.2.2: General Synthetic Procedure 
The large scale syntheses of the non-nitroxy complexes were conducted to a general 
methodology, with the reagents, ratios between them and volumes changing as required to 
produce the desired product. The methodology is outlined below, with the amounts of reagent, 
solvent and any notes listed in Table 6.1.  
 
For each reaction in Table 6.1, the cation source (B, C g, D mol), was dissolved in water (E ml) with 
stirring. Separately, the anion source (F, G g, H mol) was dissolved in water (I ml) with stirring. 
Once dissolution of both reagents was complete, the cation solution was added to the respective 
anion solution dropwise, with stirring, over a period of 30 minutes. Upon completion of the 
addition, the reaction mixture was allowed to mature, with stirring, for 30 minutes. The 
respective product (A) was isolated by Buchner filtration, washed with water (J ml), pumped to 
dryness under vacuum and dried at 80 oC overnight. The respective reaction yield (K, %) and any 
observations throughout the course of the reaction were noted. Reactions were scaled to give 
approximately 100 g of dry, hydrated product.  
 
 
 
 
 
 
 
 
107 
Table 6.1: Details of the general synthesis procedure outlined above for the 13 non-nitroxy 
compounds 
A  B C D E F G H I J K Notes 
ZnC2O4 ZnCl2 72.24 0.53 500 H2C2O4.2H2O 63.63
1 
0.53 500 1000 97.2  
Fe(AlO2)2 FeCl2.4H2O 80.92 0.41 400 NaAlO2.2H2O 66.72 0.41 400 3000
2 
97.7 Filter 
ZnMoO4 ZnCl2 51.79 0.38 400 Na2MoO4.2H2O 91.94 0.38 400 1000 86.1  
Al2(WO4)3 Al(NO3)3.9H2O 82.53 0.22 250 Na2WO4.2H2O 108.85 0.33 350 1000 97.0  
ZnWO4 ZnCl2 38.98 0.29 300 Na2WO4.2H2O 94.34 0.29 300 1000
3 
91.2 Filter 
SnWO4 SnCl2 47.03 0.25 250 Na2WO4.2H2O 81.80 0.25 250 1000 94.0  
SnO SnCl2 140.32 0.74 400
 
Na2CO3 78.43 0.74 500 1000 98.0 70 
o
C 
Fe(H2PO2)3 FeCl3 64.88 0.40 400 NaH2PO2 [105.57]
4 
1.20 1200 1000 85.9 Deprot 
Sn(SiO3)2 SnCl4.5H2O 129.72 0.37 400 Na2SiO3.H2O 103.74 0.74 400 1000
5
 N/A Gel 
Sn(H2PO3)2 SnCl2 68.26 0.36 400 NaH2PO3 [73.82]
4 
0.71 700 1000  Deprot 
Sn5(P3O10)2 SnCl2 86.27 0.46 500 Na5P3O10 66.95 0.18 400 1000
5 
N/A Gel 
SnPhPO3 SnCl2 68.26 0.36 350 Na2PhPO3 [72.74]
4 
0.36 350 1000  Deprot 
Key: A: Target compound, B: Cation source, C: Cation source mass (g), D: Cation source amount (mol), E: Cation solution 
water vol (ml), F: Anion source, G: Anion source mass (g), H: Anion source amount (mol), I: Anion solution water vol (ml), J: 
Wash water amt (ml), K: Product yield (g/%), Deprot: deprotonation of anion required. Notes: 1: Oxalic acid was used instead 
of sodium oxalate due to the greater solubility of this species in water. 2: Filtration of this compound was difficult as the 
product is highly hygroscopic, taking several days and repeats to filter 100 g. 3: Filtration of this compound was difficult as 
the product forms small, hygroscopic particles, taking 12 hours to filter 100 g. 4: Equivalent masses of sodium salts used, the 
starting materials were the free acids, prepared using the same number of moles of each compound, deprotonated with 
stoichiometric sodium carbonate. pH values were verified before addition of the cation solutions. Amount in parentheses is 
the total mass of the sodium salt. 5: These compounds form a hygroscopic, gelatinous precipitate that is incredibly difficult to 
filter. 
 
6.2.3: Nitroxymetallate Synthesis 
The four selected nitroxymetallate complexes were synthesised using a slightly different 
methodology than the other compounds described above. Firstly, the various sodium manganese, 
copper and zinc nitroxymetallate solutions were prepared, which was then followed by the 
addition of the respective cation solution in order to precipitate the product. The procedure for 
these syntheses is outlined below, with the ideal chemical reactions outlined in Equations 6.1a to 
6.1c below.  
 
MX2 + 6NaNO2  Na4[M(NO2)6] + 2NaX    (6.1a) 
Na4[M(NO2)6] + SnCl4  Sn[M(NO2)6] + 4NaCl   (6.1b) 
Na4[M(NO2)6] + 2KCl + CaCl2  K2Ca[M(NO2)6] + 4NaCl  (6.1c) 
 
The nitroxymetallate solutions were prepared as follows: sodium nitrite (206.99 g, 3.0 mol) was 
dissolved in water (500 ml) with stirring. Once the dissolution was complete, allowing for some 
time due to the endothermic nature of the process, the relevant metal cation 
(MnCl2.4H2O/CuCl2.2H2O/ZnCl2, 98.95/85.24/68.15 g, 0.5 mol) was added slowly, with stirring, to 
this solution. This addition was marked for the manganese and copper derivatives with a 
significant colour change (clear to yellow and dark green respectively). To precipitate the tin (IV) 
products, tin (IV) chloride (SnCl4.5H2O, 175.3 g, 0.5 mol) dissolved in water (500 ml) was added 
slowly to sodium manganese, copper or zinc nitroxymetallate with stirring. Upon commencement 
of the addition, a precipitate immediately formed (manganese: light brown, copper: green, zinc: 
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white), as per the small scale syntheses, although formation of brown gas (NOx) in significant 
volume was observed, an observation not noted during the small scale syntheses. The addition of 
the tin (IV) chloride solution was performed slowly to mediate the evolution of the gaseous by-
products. The reaction mixtures were allowed to mature for several hours, with stirring, to allow 
the evolution of gas to cease. Upon completion of this step, the solid products were isolated by 
Buchner filtration, washed with water (1000 ml) and dried overnight at 80 oC. The products 
(manganese: dark brown crystalline solid, copper: green-blue crystalline solid, zinc: cream-white 
crystalline solid) were all isolated in poor yields (M = Mn: 36.1%, M = Cu: 33.9% and M = Zn: 
33.7%), suggesting the desired products had not been formed.  
 
The synthesis of potassium calcium zinc nitroxymetallate was conducted by the preparation of a 
saturated solution of KCl and CaCl2, mixing of these two compounds (KCl and CaCl2.6H2O) in a 2:1 
molar ratio in water (500 ml) with stirring until no more solids would dissolve at ambient 
temperature. The solution was then filtered to remove the undissolved solids. To this, a solution 
of sodium zinc nitroxymetallate (250 ml), was added dropwise, with stirring, upon which a white 
precipitate formed. Upon completion of the addition, the reaction was allowed to mature for 30 
minutes before the solid product was isolated by Bucher filtration, washed with a small amount of 
cold water and dried overnight at 80 oC.  
 
6.2.4: Methods of Characterisation of Flame Retardant Candidate Compounds 
Due to the varied nature of the compounds produced, a range of methods were used to 
characterise them. The experimental details for each of these methods are outlined in full in 
Chapter 3, but summarised for convenience below. 
 
X-Ray Fluorescence (XRF) 
XRF experiments were performed using the facilities of William Blythe Ltd. and allows for 
quantification of the elements within a sample (heavier than sulphur). 
 
X-Ray Diffraction (XRD) 
XRD experiments were performed using the facilities of the University of Manchester, courtesy of 
Dr. Robin Pritchard, and allow for the determination of the crystal structure within a sample, 
allowing for ready comparison with an extensive library of known references.  
 
Inductively-Coupled Plasma Spectrometry (ICP) and Atomic Absorption Spectrometry (AA) 
ICP and AA experiments were performed using the facilities of William Blythe Ltd and the 
University of Manchester and allow for quantification of the (metal) elements in a sample by 
emission spectrometry.  
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Simultaneous Thermogravimetric/Differential Thermal Analysis (TGA/DTA) 
TGA/DTA is useful for the analysis of polymers and their composites for discerning degradation 
temperatures, but can also be applied to inorganic chemicals for determining loss of water from 
hydrated species and crystal phase changes via DTA. 
 
Gravimetric Determination 
Tungsten can be difficult to analyse due to the poor solubility in aqueous acidic media, but can be 
analysed gravimetrically by acidification of a mixed oxide sample and dissolution of the soluble 
components.  
 
Particle Size Distribution (PSD) 
PSD analysis was performed using the facilities of William Blythe Ltd. PSD measurements are 
obtained using the dynamic light scattering effect of a suspension of particles in water, and 
provide a profile of distribution of the number particles over a range of sizes. 
 
Electron Paramagnetic Resonance Spectroscopy (EPR) 
EPR analysis was performed using the facilities of the University of Manchester EPSRC EPR service. 
EPR measures the variation in spin sates of unpaired electrons by subjecting a sample to a large 
magnetic field, similar to nuclear magnetic resonance (NMR) spectroscopy. This was used to 
determine the interactions of several FRCs with PA66 and the phosphorus flame retardants in 
Chapter 7. These results and discussions are included separately in Appendix 6. 
 
Fourier Transform Infra Red Spectroscopy (FTIR) 
FTIR analysis was performed at Bolton, and provides a vibrational spectrum of the molecule(s) 
being analysed, allow for determination of structure or functionalities present.  
 
Water Solubility 
The water solubility of the complexes was verified by heating the samples in water and measuring 
the residual solids after evaporation. 
 
Chloride Analysis (Ion Selective Electrode) 
Chloride analysis on produced solids was achieved using a SevenCompact pH/IOh Cl- ion selective 
electrode. Approximately 1 g of sample was first boiled in 100 ml of water for 30 minutes to 
dissolve any free chloride. The sample was then allowed to cool, several drops of sodium nitrate 
solution were added (to achieve the desired electrical conductivity) and the sample made up to 
100 ml. The electrode of the analyser was then placed in the solution for the analysis.  
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Titrimetric Analysis 
Tin concentrations of a compound can be determined using titrimetric analysis by oxidising Sn (II) 
to Sn (IV) using potassium iodate (KIO3).  
 
6.2.5: Fire Retardant Candidate Calcination, Compounding, Flammability and Thermal Stability 
Testing 
Several of the FRCs required calcination before use to remove any waters of hydration which 
could hydrolyse PA66 during compounding (260-280 oC). The conditions used are noted in Table 
6.2  below. Several compounds were dried under vacuum to prevent oxidation of tin (II) to tin (IV).  
 
Table 6.2: The 10 selected flame retardant candidate compounds including formulae and 
calcination conditions. Phase 2 compounds are bolded. 
Compound Formula Calcination 
Zinc Oxalate ZnC2O4 150 
o
C 
Iron Aluminate FeAl2O4 240 
o
C 
Zinc Molybdate ZnMoO4 240 
o
C 
Aluminium Tungstate Al2(WO4)3 240 
o
C 
Zinc Tungstate ZnWO4 240 
o
C 
Tin (II) Tungstate SnWO4 240 
o
C, vacuum 
Tin (II) Oxide SnO 80 
o
C, vacuum 
Iron (III) Hypophosphite Fe(H2PO2)3 80 
o
C 
Tin (II) Hydrogenphosphite Sn(H2PO3)2 80 
o
C 
Tin (II) Phenylphosphonate SnPhPO3 80 
o
C 
 
The materials (PA66) and procedure for all compounding undertaken as part of this chapter are 
outlined in Chapter 3. All materials were dried at 80 oC for at least 24 hours before use.  
 
All fire tests (LOI, UL94 and cone calorimetry) were performed using the common procedures 
outlined in Chapter 3. All thermal analyses were performed using TGA/DTA on the compounded 
polymer chips as outlined in Chapter 3 and were performed under both air and nitrogen.  
 
6.3: Results and Discussion 
6.3.1: Synthesis Scale Up and Characterisation 
The observations and results of the reactions are discussed below for each of the non-nitroxy 
compounds on an individual basis. The characterisation data for all compounds is collated into 
Table 6.3 for reference and discussed in the relevant section for each compound. Spectral results 
are compiled, with accompanying comments in Appendix 3. Several of the compounds are 
omitted from this table as these were rejected due to difficulties encountered during synthesis. 
These reasons are discussed below. 
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Table 6.3: Collated characterisation data for the non-nitroxy compounds. 
Compound Theoretical XRF AA ICP Titr Grav 
XRF 
(Ratio) 
XRD TGA 
PSD 
(10/50/90) 
FTIR Na
+ 
Cl
-
 
ZnC2O4 (Zn) 42.6 42.9 40.2 40.9  -  Y - 1.3/4.2/9.6 Y
1, 2 
 0.1 
 (H2O) 18 - - -  -  - 18 - -  - 
 (COx) 38 - - -  -  - 38 - -  - 
FeAl2O4 (Fe) 30.7 41.8 34.8 24.3  -  M
3 
- 0.7/2.7/8.0 M
4 
0.1 0.7 
 (Al) 29.7 - 29.4 29.6  -  - - - - - - 
 (H2O) 27 - - -  -  - 23 - - - - 
ZnMoO4 (Zn) 29.0   21.7    M
5 
- 1.3/5.0/14.7 Y
6, 7
 - 0.1 
 (Mo) 42.6   33.2    - - - - - - 
 (H2O) 14   -    - 7 - -  - 
Al2(WO4)3 (Al) 6.8  10.2 2.5    Y - 0.6/1.9/6.5 N/R 0.3 - 
 (W) 69.1   -  69.4  - - - - - - 
 (H2O) 12  -    - 11 - - - - 
ZnWO4 (Zn) 20.9  12.9 17.6   (1:2.81) Y - 0.5/1.4/4.7 Y
8, 9 
0.3 0.2 
 (W) 58.7   -  55.5 1:2.98 - - - - - - 
 (H2O) 10  -    - 5 - - - - 
SnWO4 (Sn) 32.4  36.9 28.7   (1:1.55) Y - 0.5/1.1/3.5 Y
10 
0.2 0.3 
 (W) 50.1   -  53.7 1:1.55 - - - - - - 
 (H2O) 9  -    - 2 - - - - 
SnO (Sn) 88.1    85.7   - - 9.8/19.3/39.1 N/R - 0.1 
Fe(H2PO2)3 (Fe) 22.3 21.4 22.7 22.1 -   Y - - Y
11 
- - 
 (P) 37.0   37.0 -   - - - - - - 
Sn(H2PO3)2 (Sn) 42.3 42.4  42.7 41.7
12 
  - - 2.7/12.0/30.2 N/R - 0.0 
 (P) 22.1   - -   - - - - - - 
SnPhPO3 (Sn) 43.2   
13 
41.1
 
  - - 1.3/4.5/19.3 Y
14
 - 1.5 
 (P) 11.3   - -   - - - - - - 
Key, Notes and References: Y: Matches reference, M: Multiphasic, N: No usable spectra obtained, N/R: No reference available for 
comparison. Titr: Sn oxidation titration result. Grav: tungsten gravimetric result. All values except PSD (µm) are expressed as wt% 
of total. 1: NIST reference spectrum. 2: Mat. Chem. Phys, 137, 3, 2013, 1025-1030, 3: Mix of FexOy and Al(OH)3, 4: S. Sivakumar et. 
al, Spectrochim. Acta. A: Mol. Biolmol. Spec., 128, 2014, 69-75. 5: Multiphasic mix of MoO3 and ZnO, 6: Y. Keereeta, T. Thongtem 
and S. Thongtem, Superlattices and Microstructures, 69, 2014, 253-264, 7: T. Chengaiah, C. K. Jayasankar, K. Pavani and L. Rama 
Moorthy, Optics Communications, 312, 2014, 233-237, 8: Mat. Sci. and Eng., 177, 2012, 19, 645-651, 9: Mat. Sci. and Eng., 164, 
2009, 1, 16-22, 10: R. Huang, H. Ge, X. Lin, Y. Guo, R. Yuan, X. Fu and Z. Li, RSC Advances, 4, 2013, 11: Manufacturer reference 
spectrum; 12: Divided observed result by 1.5 to account for oxidation of anion; 13: Gives erroneous and variable results; 14: 
Manufacturer reference spectrum 
 
Zinc Oxalate 
Zinc oxalate was synthesised from zinc chloride and oxalic acid, produced as the dihydrate in a 
97% yield, as per Equation 6.2, isolated as a white, fine powder. The synthesis encountered no 
issues.  
 
ZnCl2(aq) + H2C2O4(aq) + 2H2O(l)  ZnC2O4.2H2O(s) + 2HCl(aq)  (6.2) 
 
Zinc oxalate decomposes via a known, stepwise process on heating with the loss of water and 
carbon oxides to form zinc oxide, as per Equations 6.3 and 6.4,[1-3] with these processes 
experiencing peak mass loss rates at 130 and 370 oC respectively. The observed mass losses and 
the temperatures these occur at match the expected values (as observed in Chapter 4), and the 
TGA degradation profile is included in Appendix 3. 
 
ZnC2O4.2H2O(s)  ZnC2O4(s) + 2H2O(g)    (6.3) 
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ZnC2O4(s)  ZnO(s) + CO(g) + CO2(g)    (6.4) 
 
The purity of the produced zinc oxalate was also verified by several other methods, including 
analysis of the total metals content, and several spectrometric methods including XRD and FTIR. 
The values of the former are within acceptable bounds of the expected value, as outlined in Table 
6.3, and the observed spectra match known references as shown in Appendix 3.  
 
Iron Aluminate 
Iron aluminate was synthesised from iron (II) chloride tetrahydrate and sodium aluminate in a 1:2 
ratio, isolated as a red-brown powder in a 98% yield, as per Equation 6.5 below. 
 
FeCl2.4H2O + 2NaAlO2.2H2O  FeAl2O4.4H2O + 2NaCl + 4H2O (6.5) 
 
This compound undergoes a colour change during synthesis from an initial green through blue-
grey to red-brown, corresponding to the oxidation of iron (II) to iron (III), possibly represented by 
Equation 6.6. TGA/DTA analysis of the produced solid under air and nitrogen (for oxidising and 
non-oxidising conditions respectively) confirmed that about two thirds of the Fe in this complex 
exists in the +3 oxidation state, as shown in Appendix 3, which may correspond to this species 
being an adduct of Fe3O4 (FeO.Fe2O3) and Al(OH)3.  
 
2FeAl2O4.4H2O + 0.5O2  Fe2Al4O9.8H2O    (6.6) 
 
The filtration of this compound on a large scale is difficult as the produced solid is highly 
hygroscopic, the process taking several days to complete on the scale performed, even with a 
large (15 cm diameter) Buchner funnel and high vacuum (10 mmHg). Washing this compound 
again proved difficult due to its hygroscopic nature, but was more readily achieved by re-
suspending the filtered powder in water, allowing this to settle overnight and repeating the 
filtration. This is represented by the increased wash water accounted for in Table 6.1.  
 
Analysis of the state of hydration of iron aluminate was performed using TGA/DTA. A mass loss of 
23.2% is observed, with the peak mass loss rate occurring at 270 oC. This is less than the expected 
mass loss for the theoretical dehydration reaction assuming full hydration of the aluminate anion 
present in the compound, as outlined in Equation 6.7, where the oxidation observed during 
production is accounted for.  
 
Fe2Al4O9.8H2O  Fe2Al4O9 + 8H2O    (6.7) 
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The iron and aluminium metals content of this compound was analysed using a range of methods, 
including ICP, AA and XRF. XRD analysis of the hydrated compound indicates this species is 
multiphasic, containing mixed iron oxides and aluminium hydroxide in its uncalcined form, a 
hypothesis supported by FTIR analysis of the solid. The spectra are presented in Appendix 3. The 
observed aluminium content closely, as outlined in Table 6.3 matches the theoretical content of 
the solid, whereas the results for iron are somewhat more variable, depending upon the method 
employed, although the erroneous XRF value of Fe for the solid could be due to the poor 
detection of Al due to its low atomic weight.  
 
Zinc Molybdate 
Zinc molybdate was synthesised from zinc chloride and sodium molybdate dihydrate in a 1:1 ratio 
according to Equation 6.8, with the product isolated as a fine, white solid, in 86% yield. The 
synthesis of this compound encountered no difficulties.  
 
ZnCl2(aq) + Na2MoO4.2H2O(aq)  ZnMoO4.2H2O(s) + 2NaCl(aq) (6.8) 
 
Zinc molybdate is produced as a hydrated species, likely as a dihydrate when first produced but is 
dehydrated to a monohydrate upon drying at 80 oC. The mass loss observed from TGA/DTA 
analysis would confirm this assumption, and explain the lower yield relative to some of the other 
compounds. The reaction is represented by Equation 6.9 below.  
 
ZnMoO4.H2O  ZnMoO4 + H2O     (6.9) 
 
The purity of the produced zinc molybdate was also verified by several other methods, including 
analysis of the total metals content, and several spectrometric methods including XRD and FTIR. 
The observed XRD spectrum suggests this compound is a multiphasic mix of zinc oxide and 
molybdenum trioxide, whereas the FTIR spectrum matches observed references (see Table 6.3). 
Spectra are presented in Appendix 3. Unlike the tungstates (below), molybdenum solubility 
cannot be determined gravimetrically as MoO3 is marginally soluble in acidic media (as MO2
2+). 
The metals content as measured by ICP are lower than expected for both species, though the 
ratio between Mo and Zn is close to the expected value. 
 
Aluminium Tungstate 
Aluminium tungstate was synthesised from aluminium nitrate nonahydrate and sodium tungstate 
dihydrate in a 2:3 molar ratio, according to Equation 6.10. The product was isolated as a dense, 
white solid in 97% yield. The synthesis encountered no difficulties. 
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2Al(NO3)3.9H2O + 3Na2WO4.2H2O  Al2(WO4)3.6H2O + 6NaNO3 + 18H2O  (6.10) 
 
Aluminium tungstate is produced as a hydrated species upon synthesis, but can be dehydrated by 
heating. Assuming the tungstate anion is a dihydrate, the theoretical mass loss closely matches 
that observed, as per Equation 6.11. 
 
Al2(WO4)3.6H2O  Al2(WO4)3 + 6H2O     (6.11) 
 
The purity of this compound was also verified by several other methods, including analysis of the 
total metals content, and several spectrometric methods including XRD and FTIR, as outlined in 
Table 6.3. Gravimetric determination of tungsten by acidification matched the theoretical 
content. As produced, aluminium tungstate is amorphous and as such produced no XRD 
spectrum, but when calcined beyond a phase change as observed in TGA/DTA analysis (597 oC), 
the crystalline phase matched the reference spectrum, presented in Appendix 3. No FTIR 
reference spectrum could be found for comparison. Al content was variable depending upon the 
method of measurement employed. XRF does not detect aluminium accurately in quantitative 
measurement due to the low atomic weight, although combining the other observed results, it 
can be concluded that this compound has been successfully synthesised.  
 
Zinc Tungstate 
Zinc tungstate was synthesised from zinc chloride and sodium tungstate dihydrate in a 1:1 molar 
ratio, according to Equation 6.12. The product was isolated as a dense, white solid in 91% yield. 
The synthesis product proved difficult to filter due to small particle size and hygroscopic nature of 
the produced solid, taking approximately 12 hours to filter and wash 100 g of the material.  
 
ZnCl2 + Na2WO4.2H2O  ZnWO4.2H2O + 2NaCl  (6.12) 
 
Zinc tungstate is produced as a hydrated material, and loses water upon heating, allowing for 
characterisation by TGA/DTA. The theoretical process is outlined in Equation 6.13. The observed 
value is half of that expected, indicating this species is produced as a monohydrate. 
 
ZnWO4.2H2O  ZnWO4 +2H2O    (6.13) 
 
The purity of this compound was also verified by several other methods, including analysis of the 
total metals content, and several spectrometric methods including XRD and FTIR. Gravimetric 
determination of tungsten by acidification closely matches the theoretical content. As produced, 
zinc tungstate is amorphous and as such produced no XRD spectrum, but when calcined beyond a 
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phase change as observed in TGA/DTA analysis (407 oC), the crystalline phase matched the 
reference spectrum, as did the FTIR spectrum, both of which are presented in Appendix 3 (see 
Table 6.3 for references). The zinc content as measured by ICP is lower than expected, although 
this could be due to the incomplete leaching of the soluble metal from the solid under acidic 
conditions. The molar ratios between Zn and W (from XRF) are close to the theoretical levels.  
 
Tin (II) Tungstate 
Tin (II) tungstate was synthesised from tin (II) chloride and sodium tungstate dihydrate in a 1:1 
molar ratio, according to Equation 6.14. The product was isolated as a dense, bright yellow solid 
in 94% yield. The synthesis encountered no difficulties. 
 
SnCl2 + Na2WO4.2H2O  SnWO4.2H2O + 2NaCl  (6.14) 
 
SnWO4 is produced as from hydrated species and loses water upon heating. This was quantified 
by TGA/DTA, the theoretical loss of water is outlined Equation 6.15. The observed loss of water is 
one quarter of this, suggesting SnWO4 is produced as a hemihydrate (0.5H2O). The oxidation of 
SnWO4 is also observed at high temperatures under air, as per Equation 6.16, allowing for 
confirmation of the oxidation state of tin present in the material by performing TGA/DTA under 
nitrogen to prevent this process. This also allowed for determination of a maximum appropriate 
drying temperature (150 oC). The TGA/DTA plots are presented in Appendix 3.  
 
SnWO4.2H2O  SnWO4 + 2H2O    (6.15) 
SnWO4 + 0.5O2  SnO.WO4 or SnO2.WO3  (6.16) 
 
The purity of this compound was also verified by several methods, including analysis of the total 
metals content, and several spectrometric methods including XRD and FTIR, for which the spectra 
are presented in Appendix 3. Gravimetric determination of tungsten by acidification closely 
matches the theoretical content (Table 6.3), although complete leaching of Sn from the 
compound is very difficult to achieve. As produced, tin (II) tungstate is amorphous and as such 
produced no XRD spectrum, but when calcined under vacuum at 240 oC, the crystalline phase 
matched the reference spectrum, as did the FTIR spectrum (references in Table 6.3). The 
observed ratios between Sn and W in XRF analysis match the theoretical value. Tin in SnWO4 
cannot be readily analysed by oxidative titration due to poor leaching of Sn from the compound 
and the tendency of W to oxidise the compound under acidic conditions, forming blue 
polytungstates which make discerning the endpoint of the titration impossible (as starch-iodine 
complex, also blue).  
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Tin (II) Oxide 
Tin (II) oxide was synthesised via the carbonate from tin (II) chloride and sodium carbonate in a 
1:1 molar ratio. The product was isolated as a blue-black solid in 98% yield, with the synthesis 
encountering no difficulties. The reaction is conducted at an elevated temperature (70 oC) to 
catalyse the dehydration and decomposition of the initially formed hydroxide and the later 
formed carbonate respectively and to help prevent oxidation of the product. The product initially 
forms as a white precipitate (Sn(OH)2) early in the addition due to the basicity of the carbonate 
anion (which is in excess at the start of the reaction), but this changes quickly to a blue-black 
precipitate (SnO), accompanied by the evolution of carbon dioxide (due to decomposition of 
carbonate) as the addition progresses. The end-point of the reaction can was confirmed by 
analysis of the liquor pH, occurring at the desired value of 6.5. The reactions associated with the 
synthesis are outlined in Equations 6.17 to 6.19 below. 
 
SnCl2 + 2Na2CO3 + 2H2O  Sn(OH)2 + 2NaHCO3 + 2NaCl  (6.17) 
Sn(OH)2  SnO       (6.18) 
SnCl2 + Na2CO3  SnO + 2NaCl + CO2    (6.19) 
 
The compound is anhydrous as formed, but undergoes oxidation at elevated temperatures (550 
oC), according to Equation 6.20. This was confirmed by TGA/DTA analysis. 
 
SnO + 0.5O2  SnO2      (6.20) 
 
The purity of this compound was also tested by several other methods, including analysis of the 
total metals content, and spectrometric methods including FTIR, although no reference FTIR 
spectrum could be found for comparison. Sn analysis by titration with KIO3 indicated the desired 
product had been formed.  
 
Iron (III) Hypophosphite 
Iron (III) hypophosphite was synthesised from iron (III) chloride and sodium hypophosphite in a 
1:3 molar ratio. The sodium hypophosphite solution was first prepared from the free acid by 
reaction with sodium carbonate before the synthesis, followed by addition of the iron (III) chloride 
to produce the desired product. The equations associated with these processes are outlined in 
Equations 6.21 and 6.22 below. The product was isolated as a purple-brown solid in 86% yield, 
the synthesis encountering no difficulties. 
 
2H3PO2 + Na2CO3  2NaH2PO2 + H2O + CO2  (6.21) 
FeCl3 + 3NaH2PO2  Fe(H2PO2)3 + 3NaCl   (6.22) 
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The purity of this compound was verified by several other methods, including analysis of the total 
metals and phosphorus content, and several spectrometric methods including XRD and FTIR. The 
XRD spectrum matches the known reference and the FTIR spectrum matches the peaks of 
hypophosphorus acid, as outlined in Appendix 3. Both iron and phosphorus content match the 
theoretical levels, as shown in Table 6.3.  
 
Tin (IV) Silicate 
The attempted synthesis of tin (IV) silicate was undertaken using tin (IV) chloride pentahydrate 
and sodium orthosilicate in a 1:2 molar ratio. The desired product could not be isolated as about 
half way through the addition of the tin (IV) chloride solution, the white precipitate began to gel, 
forming a thick, hydrophilic, gelatinous gloop which inhibited the stirring of the reaction. This was 
not observed during the small scale synthesis (where a white precipitate was formed) and was not 
alleviated by the addition of more water to the mixture. As a result, no usable product could be 
isolated from this reaction and as such this FRC was discounted from further study at this stage. 
The desired synthesis reaction is outlined in Equation 6.23 below. 
 
(23) SnCl4.5H2O + 2Na2SiO3.H2O  Sn(SiO3)2.2H2O + 4NaCl + 5H2O (6.23) 
 
Due to the difficulty isolating a useable product, the outcome of this reaction was not analysed or 
studied further. 
 
Tin (II) Hydrogen Phosphite 
Tin (II) hydrogen phosphite was synthesised from tin (II) chloride and sodium hydrogen phosphite 
in a 1:2 molar ratio. The sodium hydrogen phosphite solution was first prepared from the free 
acid by reaction with sodium carbonate, followed by addition of the tin (II) chloride to produce 
the desired product. The equations associated with these processes are outlined in Equations 
6.24 and 6.25 below. The product was isolated as a fine, white solid. 
 
2H3PO3 + Na2CO3  2NaH2PO3 + H2O + CO2  (6.24) 
SnCl2 + 2NaH2PO3  Sn(H2PO3)2 + 2NaCl   (6.25) 
 
TGA/DTA analysis of this compound under air indicates a few interesting features, including a 
melting point (325 oC) and a pair of phase changes (561 and 611 oC), none of which are 
accompanied by any appreciable loss or gain of mass. A gradual 2 wt% increase in mass is noted 
from 550 oC likely due to the oxidation of Sn (II) to Sn (IV). The TGA curve is included in Appendix 
3. 
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The purity of this compound was also verified by several other methods, including analysis of the 
total metals and phosphorus content, and FTIR. The FTIR spectrum displays several peaks which 
may correspond to P-H interactions (2400 cm-1) and P-O (1080, 1020 and 970 cm-1) bond 
vibrations, although no reference spectrum could be found for comparison. The tin content 
matches the theoretical levels as measured by ICP and oxidative titration. 
 
Tin (II) Triphosphate 
The attempted synthesis of tin (II) triphosphate was undertaken using tin (II) chloride and sodium 
triphosphate in a 5:2 molar ratio. The desired product could not be isolated as about half way 
through the addition of the tin (II) chloride solution, the white precipitate began to gel, forming a 
thick, hydrophilic, gelatinous gloop which inhibited the stirring of the reaction. This was not 
observed during the small scale synthesis (where a white precipitate was formed) and was not 
alleviated by the addition of more water to the mixture. As a result, no usable product could be 
isolated from this reaction and as such this FRC was discounted from further study at this stage. 
The desired synthesis reaction is outlined in Equation 6.26 below. 
 
5SnCl2 + 2Na5P3O10  Sn5(P3O10)2 + 10NaCl  (6.26) 
 
Due to the difficulty isolating a useable product, the outcome of this reaction was not analysed or 
studied further.  
 
Tin (II) Phenylphosphonate 
The synthesis of tin (II) phenylphosphonate was undertaken using tin (II) chloride and sodium 
phenylphosphonate (produced in-situ from phenylphosphonic acid) in a 1:1 molar ratio. The 
sodium phenylphosphonate was produced from phenylphosphonic acid by reaction with sodium 
carbonate, followed by addition of the tin (II) chloride solution. The equations assocated with this 
synthesis are outlined below in Equations 6.27 and 6.28. The reaction proceeded without 
incident, the product isolated as a fine, white, hydrophobic powder that was readily filtered.  
 
H2PhPO3 + Na2CO3  Na2PhPO3 + CO2 + H2O  (6.27) 
(28) SnCl2 + Na2PhPO3  SnPhPO3 + 2NaCl  (6.28) 
 
TGA/DTA analysis of this compound demonstrates inertness up to 350 oC, beyond which an 
increase in mass of 2 wt% is observed, likely due to the oxidation of Sn (II) to Sn (IV), and beyond 
450 oC, a mass loss of 18 wt% is observed, likely due to the loss of the phenyl ring from the 
phenylphosphonate moiety. The TGA/DTA response is included in Appendix 3. 
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The purity of this compound was also verified by several other methods, including analysis of the 
total metals and phosphorus content, and several spectrometric methods including XRD and FTIR. 
The FTIR spectrum displays several peaks which may correspond to C-H and C-C interactions of 
the phenyl ring and P-O and Sn-O bond vibrations, although only a reference spectrum could be 
found for phenylphosphonic acid. Tin content, as measured by oxidative titration, closely matches 
the theoretical level, although this compound contained a relatively high amount of chloride 
which may have proven difficult to extract due to the hydrophobic nature of the particles.  
 
Metal Nitroxy Complexes 
The attempted synthesis of a range of metal nitroxy complexes as potential novel vapour-phase 
active flame retardants was undertaken. The compounds investigated all contain the [M(NO2)6]
4- 
anion, where M = Mn, Cu or Zn. These were inspired by compounds such as potassium 
cobaltinitrite (K3[Co(NO2)6]), a species used in the qualitative analysis of cobalt, but unsuitable for 
this project due to the inherent toxicity of the transition metal component within. Due to the 
nature of these species, a precursor reaction to produce the anions was required. This was 
achieved by the addition of 1 equivalent of a metal chloride (MnCl2, CuCl2 or ZnCl2) to 6 
equivalents of sodium nitrite (NaNO2) in water to form a 1 mol/dm
3 solution of each anion and 
was accompanied by a vibrant colour change in the case of Mn (clear to bright yellow) and Cu 
(clear to very dark green), as outlined in Equation 6.29 below.  
 
MCl2.nH2O + 6NaNO2  Na4[M(NO2)6] + 2NaCl + nH2O  (6.29) 
 
In the small scale syntheses screening, the three anions (M = Mn, Cu and Zn) were successfully 
precipitated with Sn4+ in the form of tin (IV) chloride pentahydrate, assumedly due to the equal 
charges on cation and anion, and a further complex, replacing one equivalent of Sn4+ with two of 
K+ and one of Ca2+ (as a mix of potassium and calcium chlorides) was also isolated for M = Zn. 
These compounds displayed acceptable interactions with PA66 in the TGA/DTA screening and 
mass differential studies and thus were selected for further testing to determine whether the 
hypothesis of NOx acting as a vapour-phase flame retardant was correct or not. The theoretical 
equations for the synthesis of these compounds are outlined below in Equations 6.30 and 6.31.  
 
SnCl4.5H2O + Na4[M(NO2)6]  Sn[M(NO2)6] + 4NaCl + 5H2O  (6.30) 
2KCl + CaCl2.6H2O + Na4[M(NO2)6]  K2Ca[M(NO2)6] + 4NaCl + 6H2O (6.31) 
 
Upon attempting the scaling up of these syntheses from the initial trial scale, however, some 
difficulties were encountered, especially for the tin (IV) nitroxymetallates. The precursor sodium 
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nitroxymetallate solutions were prepared without incident from the constituent components, but 
upon the addition of the tin (IV) chloride solution to each of these solutions (M = Mn, Cu, Zn), a 
significant effervescence was noticed in addition to the formation of the previously observed 
precipitates, marking the evolution of a significant amount of NO and NO2, a phenomenon was 
not seen in the trial scale reactions. This can possibly be explained by a potential side reaction, 
outlined in Equation 6.32 below.  
 
SnCl4 + Na4[M(NO2)6]  Sn[M(NO2)6]  SnO2.MO + 3NO2 + 3NO  (6.32) 
 
In all three cases (M = Mn, Cu, Zn), the observed product yield was less than fifty percent and 
could be attributed to the relative acidity of the Sn4+ ion in both Lewis (due to high charge density) 
and Brønsted (due to hydrolysis) mechanisms. This hypothesis is indicated by XRD analysis (see 
Appendix 3 for spectra) of the produced powders, which are amorphous solids, containing small 
amounts of NaCl and NaNO3 by-products and the colour and for of the produced products: all 
were isolated as crystalline solids after drying, the manganese nitroxylmetallate compound was 
dark brown in colour, suggesting oxidation to Mn (IV), and the copper nitroxymetallate was blue, 
rather than the vivid green normally associated with copper compounds containing a Cu-NO2 
bond. The zinc compound was isolated as an off-white crystalline solid. For these reasons, all 
three tin (IV) nitroxymetallates were disregarded for further study.  
 
Potassium calcium zinc nitroxymetallate, while isolated in a reasonable yield, as a fine, white 
solid, requires a vast amount of potassium and calcium chlorides for production. In addition, the 
product, while poorly soluble in water, still contains a large amount and undesirable amount of 
chlorides (c.a. 5 wt%) from the precipitating reagents as measured by chloride analysis, meaning 
the purity of the species is questionable at best. For this reason, this compound was also rejected 
and not studied further. 
 
A more in-depth investigation was conducted into syntheses of iron aluminate, aluminium, zinc 
and tin tungstates, varying reaction conditions to determine the effect these had on the purity 
and morphology of the products. This study is presented in Appendix 4. Studies were also 
undertaken into the effect of three of the FRCs (aluminium, zinc and tin tungstates) on the 
rheology of PA66, and were kindly performed by the research group of Dr Jenny Alongi at the 
University of Torino, Italy. These results are included in Appendix 5. 
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6.3.2: Fire Testing and Thermal Analysis 
Compounding and Physical Properties of Composites 
As outlined above in the detailed synthesis and characterisation discussion, several of the flame 
retardant candidate compounds were rejected at this stage due to impracticality of manufacture 
and impurities or inconsistencies with the desired product observed during characterisation. Thus, 
the 10 compounds selected for incorporation into a PA66 matrix and fire testing. All FRCs were 
dried before use, the calcination conditions used are noted in Table 6.2.  
 
The ten compounds were compounded into PA66 using twin-screw extrusion at a concentration 
of 5 wt%, a level appropriate for high-value inorganic species in an engineering polymer such as 
PA66, beyond which detrimental effects on the mechanical properties of the polymer can be 
observed in the presence of wholly inorganic additives. This was exemplified when, as the best 
performing of the Phase 1 FRCs,  aluminium tungstate,  was attempted to be compounded at 7.5 
wt% in PA66 using the standard processing procedure but resulted in serious rheological effects 
on the polymer, rendering the process unviable. Conversely, tin (II) hydrogen phosphite and 
phenylphosphonate are both hydrophobic in nature and could both be successfully incorporated 
into PA66 at 10 wt%, although higher concentrations still may be possible. This effect can possibly 
be attributed to the particles of these two compounds being covered in “organic detritus” which 
is likely to improve the compatibility of the particles  within a PA66 matrix more facile, versus 
wholly inorganic species with ionic surfaces. 
 
The matrix of samples produced for fire testing is outlined below in Table 6.4 below including any 
observations during the compounding and plaque pressing processes. 
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Table 6.4: Fire testing sample compositions for the 10 fire retardant candidate compounds 
successfully compounded in PA66. 
Sample %PA66 %FRC Compounded Pressed 
Control 100.0 0.0 Y Y 
ZnC2O4 95.0 5.0 Y Y 
FeAl 95.0 5.0 Y Y 
ZnMo 95.0 5.0 Y Y
1 
AlW 95.0 5.0 Y Y 
AlW-7.5 92.5 7.5 N N 
ZnW 95.0 5.0 Y Y 
SnW 95.0 5.0 Y
2
 Y 
SnO 95.0 5.0 Y Y 
Fe(III)HP 95.0 5.0 N
3
 N
 
SnH2PO3-5 95.0 5.0 Y Y 
SnH2PO3-10 90.0 10.0 Y
4 
Y 
SnPhPO3-5 95.0 5.0 Y Y 
SnPhPO3-10 90.0 10.0 Y
4 
Y 
Notes: 
1: The PA66/ZnMoO4 sample changed colour to blue-grey during the plaque pressing 
process and the resultant plaque was brittle, suggesting unfavourable interaction of the 
two species. This was investigated using EPR analysis (Appendix 6). 2: SnWO4 appears to 
display electrostatic interactions as the powder readily adheres to the PA66 polymer chips 
during mixing of the composition. 3: The PA66/Fe(H2PO2)3 composition underwent a colour 
change upon compounding from the original light brown of the powder to deep purple 
when incorporated within PA66, suggesting an unforseen reaction between the two 
species, occurring with a significant reduction in the viscosity of the molten polymer. The 
resultant chips could not be produced in a sufficient manner or quality to allow for pressing 
of a fire test plaque. 4: Both of these compounds were able to be incorporated at higher 
levels than the other FRCs tested as described above.  
 
Fire Testing 
The twelve sample series in Table 6.4 was successfully prepared containing a pure PA66 control as 
an internal standard and eight of the FRCs at 5 wt%, two of which were able to be further 
compounded at 10 wt%. The thermal stability of the PA66/FRC composites was determined using 
TGA/DTA of the compounded pellets and was performed under both air and nitrogen, for which 
the results are outlined below in Table 6.5.  Fire testing of these samples was conducted using 
cone calorimetry at 50 kW/m2, limiting oxygen index (LOI) and the UL94 vertical burn test, with 
the results outlined in Table 6.6 below. Several of the compositions which could not be 
successfully compounded on a large enough scale for plaque pressing still produced enough 
material to allow TGA/DTA and UL94 and LOI analysis. These results are included for 
completeness. 
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Table 6.5: TGA/DTA data for the PA66/FRC compositions under both air and nitrogen. T5% is the 
temperature to 5% mass loss, DTG is the temperature of peak mass loss rate, 500 and 580 are the 
% of starting residue remaining at those temperatures in oC. The unboldened samples did not 
produce viable fire test plaques. 
Sample TGA/DTA (Air) TGA/DTA (N2) 
 T5% DTG 500 580 T5% DTG 500 580 
PA66 386 461 11.2 3.9 402 453 3.8 3.5 
ZnOx 349 415 20.2 4.5 349 378 12.7 11.2 
Fe2Al 351 416 10.4 2.2 360 410 5.6 5.3 
ZnMo 341 449 15.7 4.9 336 403 6.5 6.2 
AlW 368 437 14.0 7.8 369 494 6.5 6.0 
ZnW 349 387 9.6 4.1 360 428 4.9 4.6 
SnW 368 442 14.3 3.6 371 432 6.0 5.6 
Fe(III)HP 366 449 14.5 6.0 374 415 4.8 4.5 
SnO 345 413 21.2 8.0 336 403 5.2 5.0 
SnPhPO3-5% 359 438 15.5 6.7 382 382 6.5 6.1 
SnPhPO3-10% 367 420 18.2 11.7 366 426 8.2 7.0 
Sn(H2PO3)2-5% 385 452 14.5 7.8 382 441 6.5 6.1 
Sn(H2PO3)2-10% 379 457 19.5 12.1 372 442 9.6 9.3 
Key: T5% is the temperature to 5% mass loss, DTG is the peak mass loss rate and 
500 and 580 are the residues levels at those temperatures respectively (in 
o
C). 
 
As can be seen from the results in Table 6.5 above, a degree of variability in onset of degradation 
(T5%), peak mass loss rate (DTG) and high temperature char yields (500 and 580) and the stability 
of the high temperature char (500 – 580) is observed over the range of different FRCs tested. The 
pure PA66 control possesses the highest onset of degradation under both air and nitrogen, the 
highest peak mass loss temperature, but completely degrades by 600 oC, leaving no residue. The 
inclusion of all FRCs reduces the onset of degradation and peak mass loss temperature. Under air, 
zinc molybdate reduces the onset of degradation to the lowest level of all the FRCs, followed by 
tin (II) oxide, zinc tungstate and zinc oxalate. For the latter this value closely corresponds to the 
onset of degradation of the FRC compound in the sample. Under nitrogen, similar results are 
observed, although the effect on degradation is marginally less pronounced than under air for 
most samples. Zinc tungstate is the only FRC to reduce the peak mass loss temperature of the 
PA66 compositions to less than 400 oC under air, while zinc oxalate and tin phenylphosphonate 
observe the same trend under nitrogen.  
 
With regards to high temperature (> 500 oC) char yields, the greatest values under air are 
promoted by tin (II) hydrogen phosphite and phenylphosphonate at their 10 wt% loadings, the 
only compositions of all the tested which yielded greater than 10% of starting mass residue at 580 
oC. This high level of char promotion under air could be attributed to phosphorus oxyacid-
catalysed cross-linking of PA66 chains. Of the inorganic mixed-oxide flame retardant candidate 
compounds, tin (II) oxide and aluminium tungstate followed this, delivering 8.0% and 7.8% 
respectively. This activity, in addition to the improved performance observed with the two tin-
phosphorus compounds, could be caused by Lewis-acidic catalysed cross-linking of PA66 under 
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degradation conditions, as both Al3+ and Sn2+ are acidic cations in this respect. Under nitrogen, 
zinc oxalate produced the highest level of char residue, exceeding the aforementioned organotin 
complexes in the same flow gas, suggesting oxidative degradation of PA66, as would occur in a 
fire situation, is more congruent to the cross-linking of the polymer in the presence of appropriate 
reagents. It should be noted, however, that this process occurs in PA66 naturally to a degree, as 
the TGA curves under air occur as a two-step process, whereas under nitrogen, only a single 
degradation step is seen.  
 
Table 6.6: Fire performance data for the PA66/FRC compositions.  
Sample UL94 LOI Cone Calorimetry 
 1 2 3 %O2 Tig Tfo Tburn TPHR PHR nPHR TSR nTSR 
PA66 V-2 Fail Fail 22.5 55 146 91 115 1709 1.000
 
724 1.000 
ZnOx Fail Fail Fail 22.2 38 180 142 75 998 0.584 738 1.019 
FeAl V-2 Fail Fail 23.7 32 135 103 80 899 0.526 649 0.896 
ZnMo Fail Fail Fail 22.3 - - - - - - - - 
AlW V-0 V-2 Fail 23.0 35 146 111 110 1156 0.676 927 1.280 
ZnW Fail Fail Fail 21.5 38 138 100 110 1190 0.696 638 0.881 
SnW V-2 Fail Fail 22.0 26 134 108 85 954 0.558 939 1.297 
Fe3HP V-2 Fail Fail 22.7 - - - - - - - - 
PA66
1
 V-2 V-2 Fail 23.3 45 137 92 93 1541 1.000
 
770 1.000
 
SnO Fail Fail Fail 24.1 34 138 104 73 906 0.588 796 1.034 
SnPhPO3-5% V-2 Fail Fail 21.8 27 108 81 78 1043 0.677 1143 1.484 
SnPhPO3-10% Fail Fail Fail 22.8 45 168 123 93 829 0.538 659 0.856 
Sn(H2PO3)2-5% Fail Fail Fail 20.7 41 157 116 93 891 0.578 1070 1.389 
Sn(H2PO3)2-10% Fail Fail Fail 21.8 41 152 111 75 831 0.539 765 0.993 
UL94 results are presented separately for clarity of any variations from best to worse performance. 
Cone data key: Tig, Tfo, Tburn and TPHR are times to ignition, flameout, total burn time and peak heat 
release rate respectively (all in s). PHR is peak heat release rate (kW/m
2
) and TSR is total smoke 
release (m
2
/m
2
), nPHR and nTSR are normalised PHR and TSR to the control for comparative 
purposes. 1: The tin (II) oxide, hydrogenphosphite and phenylphosphonate samples were all from the 
Phase 2 synthesised FRCs and as such were tested at a later date. Normalised results are included for 
comparison.  
 
As can be seen from the UL94 results in Table 6.5, only aluminium tungstate appreciable 
improved the performance of any of the PA66 samples tested, with one of the three samples 
registering within the V-0 specification as the sample in this case extinguished quickly due to the 
formation of protective char over the polymer and was accompanied by a moderate increase in 
LOI. Of all the other samples tested, none displayed any greater improvement in UL94 
performance compared to Pure PA66, although tin (II) oxide and iron aluminate both increased 
the LOI of the PA66 compositions by a greater margin than the aluminium tungstate. For all 
samples with improved LOI relative to pure PA66, a degree of char promotion was observed, 
forming a protective barrier that containing the combusting material until the critical 
concentration of oxygen to overcome this was met. Cone calorimetry data is discussed below, and 
heat release data is presented graphically for the Phase 1 and Phase 2 compounds in Figures 6.1a 
and 6.1b respectively.  
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Figure 6.1a: Heat release rate data for the PA6 containing Phase 1 compounds 
 
 
Figure 6.1b: Heat release rate data for the PA6 containing Phase 2 compounds. 
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The cone calorimetric data in Table 6.6 suggests that all Phase 1 FRs reduce time to ignition, 
especially SnW and FeAl, and SnPhPO3 at 5 wt% from the Phase 2 compounds. Heat release rates 
are reduced by all compounds by varying degrees, FeAl (5 wt%), SnPhPO3 (10 wt%) and Sn(H2PO3)2 
(10 wt%) providing the greatest reductions, although total burning times for these formulations 
are increased marginally. Smoke production (see Section 2.6.4) is not significantly increased by 
any of the formulations excepting those containing SnPhPO3 and Sn(H2PO3)2 at 5 wt%, although 
this is reduced when the concentration of both compounds is increased to 10 wt%, and similarly 
reduced by ZnW and FeAl. This observation could be accounted for by the presence of Sn, Zn or Fe 
ions. In all cases, a reduction in overall flammability as measured by cone calorimetry is observed. 
These reductions are most likely greater than any effects on flammability promoted by pure 
physical effects such as changes in the rheology of the polymer 
 
These results suggest that the 5 Phase 1 FRCs successfully incorporated into PA66 (ZnC2O4, 
FeAl2O4, Al2(WO4)3, ZnWO4 and SnWO4) display promising enough activity on their own to be 
tested with several conventional phosphorus and bromine-containing flame retardants. As 
mentioned above, the screening of the Phase 2 compounds was undertaken in parallel with 
Chapters 7 and 8 and thus the three compounds from this group were not tested as such.  
 
6.4: Conclusions 
The scaling of the syntheses of the sixteen compounds put forward from Chapter 5 for further 
study served to highlight several potential manufacturing difficulties that were not observed in 
the small scale syntheses, thus allowing the number of compounds suitable to be reduced to ten. 
Those rejected were the four nitrite complexes, tin (II) triphosphate and tin (IV) silicate. A full 
characterisation of all successfully produced compounds was also undertaken using a range of 
methods appropriate to the compounds and verified the production method synthesised the 
desired products. The ten compounds outlined in Table 6.2 and which were attempted to be 
compounded into PA66 in Table 6.4 were all successfully produced in (near) quantitative yields 
and characterised, although due to the novel nature of some of these compounds, reference 
spectra for some analytical methods are not available.  
 
Of the ten compounds successfully produced, eight were compounded into PA66 at 5 wt% 
without incident. Erroneous interactions were observed with Fe(H2PO2)3 at the compounding 
stage and with ZnMoO4 during the pressing stage which negated the production of viable cone 
calorimetry plaques. ZnMoO4 was not ultimately rejected at this stage as the processing, fire 
testing and analysis was conducted in parallel with Matrix P1 in Chapter 7. An investigation into 
the interactions of ZnMoO4 with the PFRs in PA66 investigated in Matrix P1 was conducted using 
EPR spectroscopy as outlined in Appendix 6. Two compounds successfully incorporated at 5 wt% 
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(SnPhPO3 and Sn(H2PO3)2 were included at 10 wt% in PA66 due to their hydrophobic nature, 
facilitating more favourable interactions between additive and polymer.  
 
With respect to the fire testing results obtained, only AlW improved UL-94 performance 
appreciably, which was accompanied by a moderate increase in LOI. FeAl and SnO also increased 
the LOI of PA66 over the pure polymer, whereas the rest of the FRCs tested either had negligible 
effect or reduced the LOI of the polymer. It is possible that the results observed for the Phase 2 
compounds suffered from the loss of expertise from an experienced member of technical staff 
who had assisted with the sample preparation of the Matrix P1 and Phase 1 samples tested 
above. This issue is discussed further in Chapter 7.  
 
With respect to cone calorimetric data, all FRCs tested reduce the flammability of PA66 by varying 
margins. Total heat outputs are reduced marginally (as areas under the curves in Figures 6.1a and 
b), as were peak heat release rates significantly for all samples. SnPhPO3 (at 10 wt%), FeAl and 
ZnW all reduce the smoke production of PA66 relative to the control.  
 
The action of these compounds in reducing the peak heat release rate of PA66 under these 
conditions could be attributed to a number of potential chemical mechanisms, as outlined in 
Chapter 2: condensed-phase acid-catalysed cross-linking by Lewis-acidic metal centres; the same 
by condensed-phase phosphorus species and vapour-phase radical quenching by phosphorus 
and/or volatilised metals. 
 
As such, it was deemed that the five Phase 1 compounds investigated should be tested with 
conventional phosphorus flame retardants, as outlined in Chapter 7 to determine if any 
favourable interactions existed. This was later followed by the testing of three FRCs (AlW, ZnW 
and SnW) with brominated flame retardants in Chapter 8 for the same purpose. The Phase 2 
compounds, while promising, were produced too late in the project to determine if any 
favourable interactions existed between themselves and P- or Br-containing FRs, although two of 
the compounds in particular (SnPhPO3 and Sn(H2PO3)2) present novel reagents perhaps capable of 
imparting flame retardancy on their own and thus present a source of further investigation.  
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Chapter 7: Interactions of Flame Retardant Candidate Compounds with Commercial 
Phosphorus-Containing Flame Retardants in PA66 
 
7.1: Introduction 
From the results of testing the behaviour of the FRCs produced in this project in combination with 
PA66 using TGA/DTA to determine any inherent potential FR activity (Chapter 5) and later when 
compounded in PA66 to determine any fire retardant potential on a larger scale (Chapter 6), six 
promising candidates were selected from the earlier synthesised FRCs for study with phosphorus 
flame retardants. The selected FRCs are ZnC2O4, FeAl, ZnMo, AlW, ZnW and SnW.  
 
Two commercial phosphorus-containing species were chosen as the primary flame retardants to 
be combined with the FRCs as a test for possible interactions including synergistic ones. These 
were aluminium diethylphosphinate (AlPi, Exolit OP1230) and a blend of the former with 
melamine polyphosphate in a 2:1 mass ratio (AlPi/MPP, Exolit 1311), both of which are 
manufactured by Clariant, and have been previously investigated in the presence of zinc stannate 
in PA6,[1] as outlined in Section 2.6.2. The structures of these two compounds are shown below in 
Figure 7.1.  
 
 
Figure 7.1: Structures of AlPi (left) and MPP (right). R = PO3
- forming a polymeric P-O-P backbone. 
AlPi/MPP is a 2:1 mix of these two compounds respectively by mass. 
 
In this chapter, a screening or calibration study was carried out initially, to determine appropriate 
levels of the two phosphorus species for incorporation with the flame retardant candidates for 
this interaction study. Following this, the incorporation of the six flame retardant candidate 
compounds into PA66 with the two phosphorus flame retardants was attempted and flammability 
testing of the successfully compounded was samples undertaken, constituting Matrix P1. Several 
of the flame retardant candidate compounds showed promising behaviour with the phosphorus 
flame retardants chosen. 
 
From the outcome of this sighting interaction matrix described above, a more focused study was 
undertaken to investigate the performance of the two best performing flame retardant candidate 
compounds with the two phosphorus flame retardants in varying levels, within similar bounds of 
concentration, so as to better refine potential compositions. These samples constitute Matrix P2.  
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Further to this, two of the flame retardant candidate compounds which had displayed the most 
promising behaviour with phosphorus flame retardants and another which showed promise with 
brominated species (see Chapter 8) were combined with melamine polyphosphate, a purely 
condensed-phase phosphorus-containing flame retardant, to determine if any possible synergistic 
activity could be detected. These experiments constitute Matrix P3.  
 
Please note that reference to sample codes below, especially those containing multiple species, 
such as AlW/AlPi or AlW/AlPi/MPP refers to the components present in PA66 and not to FRCs 
and/or flame retardants on their own. See the relevant table for the composition of samples 
within that matrix for reference.  
 
7.2: Experimental 
7.2.1: Compounding, Plaque Pressing and Sample Cutting 
The PA66 compounded samples were prepared, pressed and cut as described in Chapter 3. The 
matrices of samples produced, including their compositions, are outlined below in Tables 7.1, 7.4, 
7.7 and 7.10. 
 
7.2.2: TGA/DTA Analysis 
TGA/DTA analysis was performed as described in Chapter 3, using the polymer chips as produced 
from the extruder for analysis of the compounded samples.  
 
7.2.3: Fire Testing 
All fire tests were performed as described in Chapter 3.  
 
7.3: Results and Discussion 
7.3.1 Phosphorus Flame Retardant Level Calibration Study 
Before the creation of the primary matrix, Matrix P1, the two phosphorus flame retardants, AlPi 
and AlPi/MPP were both compounded into PA66 at a range of levels from 7.5 to 15 wt%, at 2.5 
wt% intervals to determine a level appropriate for use with the addition of the flame retardant 
candidate compounds. The matrix of samples prepared is outlined below in Table 7.1.  
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Table 7.1: Samples prepared as part of the Matrix P1 level calibration study, noting composition 
and any erroneous behaviour encountered during processing. 
Sample PA66 AlPi AlPi/MPP Compounding Pressing 
PA66 100.0 - - Y Y 
AlPi-7.5 92.5 7.5 - Y Y 
AlPi-10.0 90.0 10.0 - Y Y 
AlPi-12.5 87.5 12.5 - Y Y 
AlPi-15.0 85.0 15.0 - Y Y 
AlPi/MPP-7.5 92.5 - 7.5 Y Y 
AlPi/MPP-10.0 90.0 - 10.0 Y Y 
AlPi/MPP-12.5 87.5 - 12.5 Y Y 
AlPi/MPP-15.0 85.0 - 15.0 Y Y 
 
All samples were successfully compounded, pressed and cut into the required size for testing, and 
were subjected to the full suite of fire tests outlined in Chapter 3. The key metric by which the 
appropriate level for further study was selected was UL94 performance, as any positive 
interaction and even synergism would most likely present itself as an improvement in the results 
of this test, with the secondary metric for consideration of performance being LOI. The thermal 
stability and fire performance results of these samples are presented below in Tables 7.2 and 7.3 
respectively.  
 
Table 7.2: TGA/DTA results of the samples presented in Table 7.1  
Sample TGA/DTA (Air) TGA/DTA (N2) 
 T5% DTG 500 580 T5% DTG 500 580 
PA66 386 461 11.2 3.9 402 453 3.8 3.5 
AlPi-7.5 368 437 14.0 7.8 373 419 2.2 1.9 
AlPi-10.0 374 434 16.6 12.0 375 422 2.2 1.9 
AlPi-12.5 377 434 13.9 8.7 373 419 2.2 1.9 
AlPi-15.0 374 432 14.9 9.5 375 419 2.1 1.7 
AlPi/MPP-7.5 365 451 15.2 7.4 360 413 3.7 3.4 
AlPi/MPP-10.0 338 433 21.5 11.5 344 420 4.8 4.3 
AlPi/MPP-12.5 337 444 19.1 10.8 336 421 5.7 5.1 
AlPi/MPP-15.0 331 446 18.5 10.0 327 422 7.1 6.2 
Key: T5% is the temperature to 5% mass loss, DTG is the peak mass loss 
rate and 500 and 580 are the residues levels at those temperatures 
respectively (in 
o
C). 
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Figures 7.2a and 7.2b: TGA mass loss curves of AlPi (left) and AlPi/MPP (right) samples at different 
concentrations in PA66 under air. 
 
As can be seen from the above thermal analytical results under both flowing air and nitrogen in 
Table 7.2, and the graphical representations in Figures 7.2a and 7.2b, under flowing air conditions 
only, changing the concentration of AlPi and AlPi/MPP has varying effects on the degradation of 
PA66 as measured by TGA/DTA. The thermal stability (as measured by T5% and DTG), decreases 
with increasing concentrations of AlPi/MPP, most likely due to the degradation of melamine 
polyphosphate at temperatures below 350 oC or so.[2] Conversely, higher concentrations of both 
species tend to give greater residue yields at high temperatures (500 and 580 oC) under air shown 
in Figures 7.2a and 7.2b, whereas little to no improvement is observed under nitrogen. This 
phenomenon is observed frequently, and can most likely by attributed to oxidised forms of PA66 
more readily undergoing cross-linking to form stable char at higher temperatures as discussed in 
Chapter 2.[2] For both phosphorus-containing flame retardants, little improvement in residue 
levels at both temperatures is observed beyond 10 wt% concentration.  
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Table 7.3: Fire testing results of the samples presented in Table 7.1.  
Sample UL94 LOI Cone Calorimetry (50 kW/m2) 
 1 2 3 %O2 Tig Tfo Tburn TPHR PHR TSR 
PA66 V-2 Fail Fail 22.5 55 146 91 115 1709 723 
AlPi-7.5 Fail Fail Fail 28.2 40 143 103 115 1025 1736 
AlPi-10.0 V-0 V-0 V-0 31.5 43 159 116 115 906 2141 
AlPi-12.5 V-0 V-0 V-0 33.3 37 136 99 100 841 1956 
AlPi-15.0 V-0 V-0 V-0 33.9 39 134 95 90 831 1804 
AlPi/MPP-7.5 V-2 V-2 Fail 26.4 50 182 132 110 724 1706 
AlPi/MPP-10.0 V-0 V-1 Fail 28.2 55 181 126 130 666 1660 
AlPi/MPP-12.5 V-0 V-0 V-0 28.5 58 183 125 135 627 1869 
AlPi/MPP-15.0 V-0 V-0 V-0 28.5 67 197 130 140 531 1784 
Key: 1, 2 and 3 are the UL94 replicates to show reproducibility, Tig, Tfo, Tburn and TPHR are 
the times to ignition, flame out, total burn (Tfo – Tig) and peak heat release rate 
respectively (s), PHR is peak heat release rate (n = normalised to control, kW/m
2
) and 
TSR is total smoke release (m
2
/m
2
). 
 
With regard to the fire testing results in Table 7.3, increasing the concentration of AlPi and 
AlPi/MPP reduces the flammability of PA66 as measured by a number of metrics. In this study, a 
below  V-0 level of performance was considered to be an appropriate level of phosphorus flame 
retardant for combination with the flame retardant candidate compounds whose synthesis and 
testing is described in Chapter 6 since any positive interaction would be assumed to raise it. As 
such, AlPi was selected at a level of 7.5 wt% and AlPi/MPP was selected at a level of 10 wt%, 
corresponding to an LOI of 28.2 %O2 for both species. At and above 10 wt% and 12.5 wt% 
respectively for AlPi and AlPi/MPP, a V-0 level of performance is observed in UL94 testing. Further 
increasing the concentration of AlPi to 15 wt% increases the LOI of the flame-retardant 
composites to 33.3 %O2, whereas for AlPi/MPP, this level plateaus at 28.5 %O2. Smoke production 
is more than doubled by the inclusion of either AlPi or AlPi/MPP. As discussed in Section 2.6.4, 
flame retardants generally increase smoke production due to incomplete combustion. 
 
  
Figure 7.3a and 7.3b: Cone calorimetry heat release rates at 50 kW/m2 of AlPi (left) and AlPi/MPP 
(right) containing samples. 
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Figure 7.3a and b shows the heat release curves for PA66 samples containing either AlPi or 
AlPi/MPP at various concentrations from which the data in Table 7.3 is collated. These curves 
show that increasing the concentration of AlPi reduces the burn time and peak heat release while 
maintaining a similar profile. Increasing that of AlPi/MPP has a similar effect but generally 
increases time to ignition probably because the AlPi/MPP combination contains a condensed-
phase active component (i.e. MPP) in addition to the vapour-phase active AlPi, which promotes 
the formation of a protective char more readily as demonstrated by Braun et al.[3] This is mirrored 
by the lower and delayed peak heat release rates produced by AlPi/MPP-containing samples, 
although burning times are marginally prolonged. Smoke production, as total heat rate (TSR), 
across the samples tested is marginally higher for AlPi than AlPi/MPP at the same concentrations, 
with an average of 250% increase over the pure PA66 control observed value. The increase in 
smoke production can likely be attributed to the vapour-phase inhibition of hydroxyl and 
hydrogen radical chemistry by the phosphorus acid species produced by AlPi, as outlined in 
Section 2.5 which prevents the oxidation of smoke particle precursors.  
 
7.3.2: Matrix P1 Results and Discussion 
Based on the results of the study presented above in Tables 7.1 to 7.3, and the fire testing results 
of the flame retardant candidate compounds in Section 6.2, a matrix of samples for the study of 
potential interaction between six FRCs (ZnOx, FeAl, ZnMo, AlW, ZnW and ZnW) and the two PFRs 
(AlPi and AlPi/MPP) was prepared. As per the previous study in Chapter 6, the concentration of 
the flame retardant candidates would be maintained at 5 wt%, and the two phosphorus flame 
retardants, AlPi and AlPi/MPP would be incorporated at 7.5 and 10 wt% respectively, giving total 
flame retardant concentrations of 12.5 and 15 wt% respectively. These samples, combined with 
respective controls gave a matrix of fifteen samples, presented below in Table 7.4.  
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Table 7.4: Samples prepared as part of the Matrix P1, noting composition and any erroneous 
behaviour encountered during processing. 
Sample PA66 AlPi AlPi/MPP FRC Compounding Pressing 
PA66 100.0 - - - Y Y 
AlPi 92.5 7.5 - - Y Y 
AlPi/MPP 90.0 - 10.0 - Y Y 
ZnOx/AlPi 87.5 7.5 - 5 Y Y, Brittle, Voids 
FeAl/AlPi 87.5 7.5 - 5 Y Y 
ZnMo/AlPi 87.5 7.5 - 5 Y, Goes blue Y, Voids 
AlW/AlPi 87.5 7.5 - 5 Y Y 
ZnW/AlPi 87.5 7.5 - 5 Y Y, Voids 
SnW/AlPi 87.5 7.5 - 5 Y Y 
ZnOx/AlPi/MPP 85.0 - 10.0 5 Y Y 
FeAl/AlPi/MPP 85.0 - 10.0 5 Y Y 
ZnMo/AlPi/MPP 85.0 - 10.0 5 Y, Goes blue Y, Voids 
AlW/AlPi/MPP 85.0 - 10.0 5 Y Y 
ZnW/AlPi/MPP 85.0 - 10.0 5 Y Y 
SnW/AlPi/MPP 85.0 - 10.0 5 Y Y 
 
As can be seen from Table 7.4 above, some difficulties were encountered during the processing of 
several of the samples, notably one of those containing ZnOx, both containing ZnMo, and one 
containing ZnW. The ZnMo samples turned a deep shade of blue during compounding, suggesting 
formation of a phosphomolybdate and reduction by the PA66, which would explain the poor 
mechanical properties of the produced plaques. From the successfully produced samples, the 
presence of any positive interaction between the flame retardant candidates and phosphorus 
flame retardants would be evident from any improvement in UL94, LOI or cone calorimetry 
behaviour. Cone calorimetry results are absent for some samples due to the lack of suitable 
material produced from the pressed plaques. The thermal stability and fire testing results of the 
samples from Table 7.4 are presented in Table 7.5 and Table 7.6 respectively, below.  
 
Table 7.5: TGA/DTA results of the samples containing 7.5 wt% AlPi or 10 wt% AlPi/MPP presented 
in Table 7.4.  
Sample TGA/DTA (Air) TGA/DTA (N2) 
 T5% DTG 500 580 T5% DTG 500 580 
PA66 386 461 11.2 3.9 402 453 3.8 3.5 
AlPi 368 437 14.0 7.8 373 419 2.2 1.9 
AlPi/MPP 338 433 21.5 11.5 344 420 4.8 4.3 
FeAl/AlPi 364 405 23.3 15.7 364 402 9.3 8.1 
FeAl/AlPi/MPP 350 452 20.7 9.1 339 384 6.4 6.0 
AlW/AlPi 364 405 23.3 15.7 364 402 9.3 8.1 
AlW/AlPi/MPP 360 407 23.6 16.4 358 403 12.4 11.3 
SnW/AlPi 372 401 22.6 13.8 367 399 7.8 7.3 
SnW/AlPi/MPP 349 408 24.4 12.4 343 402 9.9 9.3 
ZnW/AlPi 360 455 18.2 4.6 351 397 4.0 3.6 
ZnW/AlPi/MPP 355 407 21.9 13.2 349 390 7.5 6.7 
Key: T5% is the temperature to 5% mass loss, DTG is the peak mass loss 
rate and 500 and 580 are the residues levels at those temperatures 
respectively (in 
o
C).  
 
135 
As can be seen from the results in Table 7.5 above, the onset of degradation (T5%) for all flame 
retarded samples is reduced, especially for those containing 10 wt% AlPi/MPP, the effects being 
marginally more pronounced under air than nitrogen. This can again be explained as for the 
results in Table 7.2, to the degradation of melamine polyphosphate. A similar trend is observed 
when analysing the peak mass loss rates with the AlPi-containing samples tend to display a slightly 
higher peak mass loss rate temperature than the AlPi/MPP-containing samples. The presence of 
all the flame retardant candidate compounds reduces the temperature of peak mass loss rate 
relative to the phosphorus-only containing controls. This mirrors the observations of Chapter 6, 
Table 6.5. For most of the FRC/AlPi blends, excepting ZnW/AlPi, a significant increase in the 
amount and stability of high temperature char yields are observed under air. A similar observation 
is noted for all the FRC/AlPi/MPP-containing samples excepting FeAl/AlPi/MPP, although the 
increase is somewhat less pronounced than for the FRC/AlPi samples. There are a number of 
possible explanations for these observations including the formation of cohesive metal-
phosphorus-based barriers and/or the promotion of greater char due to chemical interactions 
between the inorganic flame retardant candidate compounds and decomposing PA66, such as 
Lewis-acid-catalysed cross-linking. Graphical representations of the TGA profiles from Table 7.5 
under air are shown below in Figures 7.4a and 7.4b from which it may be seen that for the AlPi-
containing samples containing FeAl, AlW or SnW, an additional degradation stage is observed at 
around 400 oC, accompanied by the formation of higher residues at elevated temperatures (> 500 
oC). The ZnW/AlPi sample does not display this additional interaction and also produces the 
lowest high temperature residue of all the samples in series aside from pure PA66. In combination 
with AlPi/MPP, all four FRCs tested display a third degradation stage, similar to that observed for 
the AlPi-containing samples, accompanied by increased residue at high temperatures.  
 
  
Figure 7.4a and b: TGA profiles of four FRCs in combination with AlPi (left) and AlPi/MPP (right) 
under air.  
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Table 7.6: Fire testing results of the samples presented in Table 7.4.  
Sample UL94 LOI   Cone Calorimetry (50 kW/m2) 
 1 2 3 %O2 
Es 
(LOI) 
Tig Tfo Tburn TPHR PHR TSR 
Es 
(PHR) 
PA66 V-2 Fail Fail 22.5 - 55 146 91 115 1709 723 - 
AlPi Fail Fail Fail 28.2 - 40 143 103 115 1025 1736 - 
AlPi/MPP V-0 V-1 Fail 28.2 - 55 181 126 130 666 1660 - 
FeAl/AlPi V-1 V-1 Fail 26.1 0.52 29 122 93 80 802 1309 0.72 
FeAl/AlPi/MPP Fail Fail Fail 26.7 0.61 31 226 195 85 323 1400 1.73 
AlW/AlPi V-0 V-0 V-0 28.1 0.90 33 143 110 100 815 1580 0.95 
AlW/AlPi/MPP Fail Fail Fail 25.6 0.50 49 310 261 160 342 1814 1.95 
SnW/AlPi V-2 Fail Fail 28.4 1.13 28 134 106 80 863 1731 0.67 
SnW/AlPi/MPP V-0 V-1 Fail 28.8 1.21 48 229 181 140 442 1860 1.21 
ZnW/AlPi V-2 Fail Fail 27.2 1.00 29 118 89 80 683 1163 1.36 
ZnW/AlPi/MPP V-2 V-2 Fail 24.9 0.51 29 201 172 90 300 1246 2.34 
Key: 1, 2 and 3 are the UL94 replicates to show reproducibility, Tig, Tfo, Tburn and TPHR are the times to 
ignition, flame out, total burn (= Tfo – Tig) and peak heat release rate respectively (s), PHR is peak heat 
release rate (kW/m
2
) and TSR is total smoke release (m
2
/m
2
). Es is the synergistic effectivity, 
calculated for both LOI and cone PHR.  
 
As can be seen from the results in Table 7.6 above, some marginal improvements and some 
(significant) reductions in performance of the fire performance metrics are observed when the 
two phosphorus flame retardants are combined with the flame retardant candidates. With 
regards to UL94 and LOI performance, the greatest improvement in UL-94 behaviour was 
observed for AlW/AlPi, where a consistent V-0 rating was measured, corresponding to a slight 
reduction in LOI to 28.1 %O2. A marginal improvement in UL-94 performance was also observed 
with FeAl/AlPi, with this combination providing a V-1 majority classification, but with a reduction 
in LOI to 26.1 %O2 vs. 28.2 %O2 for the PA66/AlPi sample. The UL94 performance of the 
SnW/AlPi/MPP sample matches the AlPi/MPP control in that the UL94 rating is an overall “fail” 
although the former has a slightly increased LOI value. All other combinations failed to provide 
improvements in UL94 and/or LOI performance, excepting SnW/AlPi, which marginally improves 
the LOI over the respective controls, although this is within the experimental error for the 
technique (+/- 0.5 %O2). Synergistic effectivity (Es) values were calculated for LOI, as outlined in 
Chapter 4, Equation 3 and are listed in Table 7.4. Upon preliminary analysis, these show a degree 
of synergistic behaviour between SnW and both PFRs (Es > 1). A full discussion of these figures is 
presented in Section 9.5 for more ready comparison with other matrices.  
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Figure 7.5a and 7.5b: Cone calorimetry heat release rates at 50 kW/m2 of AlPi (left) and AlPi/MPP 
(right) containing samples in the presence of the four tested FRCs.  
 
Cone calorimetry performance is variable depending upon the sample’s composition as can be 
seen from the plots of heat release rate in Figures 7.5a and 7.5b. Figure 7.5a shows that the AlPi-
containing samples all display the same general shape, but the inclusion of any of the FRCs in 
addition to AlPi reduces the total heat release and reduces both the times to peak heat and 
extinction significantly when compared to the PA66 curve and less so when compared with the 
PA66/AlPi curve. This reducing effect is in the decreasing order ZnW > FeAl > SnW > AlW. 
However, the effect of the FRCs on the AlPi/MPP- containing samples, as shown in Figure 7.5b, is 
different from that to the AlPi-containing samples. Here it is observed that FeAl and ZnW when 
combined with AlPi/MPP both reduce the time to ignition significantly relative to AlPi/MPP alone 
in PA66. Burning times are prolonged for all AlPi/MPP samples containing an FRC, but the peak 
rate of heat release is reduced by approximately 50 % compared to the AlPi/MPP control. These 
effects can perhaps be attributed to the formation of more cohesive barriers by the AlPi/MPP/FRC 
combinations than AlPi/MPP alone because of FRC metal complex formation within the residues. 
Furthermore, the increased char associated with the MPP component will prolong burning as it 
will be only slowly oxidised under the cone heater. The increase in smoke production of PA66 
(Section 2.6.4) seen with the inclusion of AlPi and AlPi/MPP in Table 7.3 is marginally offset 
partially by the inclusion of FeAl and ZnW, while AlW and SnW have a lesser effect. This mirrors 
the observations of fire testing of the FRCs performed in Chapter 6. Synergistic effectivity values 
(Es) were also calculated using the observed PHR results (see Chapter 4, Equation 3) and are listed 
also in Table 7.6. These suggest varying degrees of synergy between all FRCs and AlPi/MPP and 
ZnW/AlPi upon initial analysis. A full discussion of these figures is presented in Section 9.5 for 
more ready comparison with other matrices. 
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With the AlPi/MPP combinations it would seem from the observed cone calorimetric PHRR results 
show greater reductions than similar FRC/AlPi compositions. This is most likely a consequence of 
increased condensed phase interactions because of the presence of melamine polyphosphate. 
However, this suggested increased condensed phase activity was not generally confirmed by the 
relative residue levels from TGA at 500 and 580 oC listed in Table 7.5 above. Conversely, the best 
performing sample with respect to UL94 rating was AlW/AlPi, which yielded a consistent V-0 
rating possibly because of the combination of the vapour-phase activity of AlPi with the improved 
protective char barrier promoted by AlW as observed in Chapter 6, Section 6. SnW provides the 
highest LOI with both phosphorus flame retardants. Clearly, further work would be needed to 
establish the exact mechanisms involved and the differences between formulations containing 
AlPi and AlPi/MPP.  
 
In summary, based on the TGA, LOI and UL94 results two of the synthesised FRCs, namely AlW 
and SnW, display favourable behaviour with AlPi and/or AlPi/MPP, and as such were selected for 
further study within the Matrix P2 below. It should be noted that the cone calorimetry data in 
Table 7.6 above was collected after the creation of Matrix P2, below, and hence LOI and UL-94 
data was used only for the selection of AlW and SnW over both ZnW and FeAl.  
 
7.3.3: Matrix P2 Results and Discussion 
From the results acquired from the Matrix P1 experiments, it was apparent that some favourable 
interactions and possible synergy existed between the FRCs AlW, SnW and flame retardants AlPi 
and AlPi/MPP. Therefore, a further study was undertaken to develop a better understanding of 
the effect on the ratios between the phosphorus flame retardants and the flame retardant 
candidates and the consequent Matrix P2 was constructed as shown in Table 7.7. Following the 
previous methodology, the two selected inorganic flame retardant candidates (AlW and SnW) 
were maintained at 5 wt% and both AlPi and AlPi/MPP were incorporated at both 7.5 and 10 wt%, 
giving a total of 8 samples plus respective controls. As mentioned above, ZnW was omitted from 
Matrix P2 due to the poor UL94 and LOI performance displayed in Matrix P1. Because of problems 
with the cone calorimeter at the time that Matrix P1 samples were being tested, subsequent cone 
calorimetric data from this matrix was performed after that of Matrix P2. 
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Table 7.7: Samples prepared as part of the Matrix P2, noting composition and any erroneous 
behaviour encountered during processing. The sample marked with a * encountered processing 
difficulties and contained voids, this affecting cone results. 
Sample PA66 AlPi AlPi/MPP FRC Compounding Pressing 
PA66 100.0    Y Y 
AlPi-7.5 92.5 7.5   Y Y 
AlPi-10.0 90.0 10.0   Y Y 
AlPi/MPP-7.5 92.5  7.5  Y Y 
AlPi/MPP-10.0 90.0  10.0  Y Y 
AlW/AlPi-7.5 87.5 7.5  5 Y Y 
AlW/AlPi-10.0 85.0 10.0  5 Y Y 
AlW/AlPi/MPP-7.5 87.5  7.5 5 Y Y 
AlW/AlPi/MPP-10.0 85.0  10.0 5 Y Y 
SnW/AlPi-7.5 87.5 7.5  5 Y Y* 
SnW/AlPi-10.0 85.0 10.0  5 Y Y 
SnW/AlPi/MPP-7.5 87.5  7.5 5 Y Y 
SnW/AlPi/MPP-10.0 85.0  10.0 5 Y Y 
Key: The sample marked with a * encountered processing difficulties and contained voids, this 
affecting cone results. 
 
All samples were successfully compounded, pressed into plaques and appropriate fire test 
samples cut from these, excepting SnW/AlPI-7.5, which produced voids during pressing. These 
samples were subjected to the same suite of thermal stability and fire tests as the previous 
matrices and the results are presented in Tables 7.8 and 7.9 respectively. It should be noted, 
however, that the samples prepared as part of this matrix and onwards were prepared in the 
absence of an experienced technician who had assisted with the sample preparation in Matrix P1. 
As such, some variability in the results below compared to those obtained from Matrix P1 are 
observed. 
 
Table 7.8: TGA/DTA results of the samples presented in Table 7.7.  
Sample TGA/DTA (Air) TGA/DTA (N2) 
 T5% DTG 500 580 T5% DTG 500 580 
PA66 386 461 11.2 3.9 402 453 3.8 3.5 
AlPi-7.5 368 437 14.0 7.8 373 419 2.2 1.9 
AlPi-10.0 374 434 16.6 12.0 375 422 2.2 1.9 
AlPi/MPP-7.5 365 451 15.2 7.4 360 413 3.7 3.4 
AlPi/MPP-10.0 338 433 21.5 11.5 344 420 4.8 4.3 
AlW/AlPi-7.5 374 411 18.5 12.1 374 412 6.7 5.8 
AlW/AlPi-10.0 374 410 18.9 15.0 374 408 9.6 8.1 
AlW/AlPi/MPP-7.5 368 408 21.5 16.1 378 409 9.4 8.3 
AlW/AlPi/MPP-10.0 373 412 21.4 13.8 376 408 11.4 10.3 
SnW/AlPi-7.5 355 474 21.6 14.5 353 395 7.7 6.7 
SnW/AlPi-10.0 355 476 23.7 20.3 354 395 6.9 6.0 
SnW/AlPi/MPP-7.5 352 410 18.8 10.3 348 399 9.1 8.3 
SnW/AlPi/MPP-10.0 350 408 21.3 13.0 344 400 8.6 7.8 
Key: T5% is the temperature to 5% mass loss, DTG is the peak mass loss rate and 
500 and 580 are the residues levels at those temperatures respectively (in 
o
C). 
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As can be seen from the results in Table 7.8 above, some slightly differing trends regarding the 
onset of degradation (T5%) and peak mass loss rate (DTG) are observed when compared with 
Matrix P1 (see Table 7.5), although the alteration in the amounts of AlPi and AlPi/MPP must be 
considered also. For samples incorporating either AlW or SnW, increasing the concentration of 
AlPi or AlPi/MPP either has no effect or marginally increases the thermal stability of the sample 
(within the error of the technique +/- 2 oC), while increases were observed in the high 
temperature residues (500 and 580 oC) under air for all samples excepting AlW/AlPi/MPP, 
representing a reinforcement of the promotion of char and barrier formation observed 
previously. General increase in high temperature residues under nitrogen were also observed but 
at lower levels than under air as noted previously in Table 7.5 for Matrix P1 samples. Generally, 
under both conditions, high temperature residue levels were similar for all Matrix P1 and P2 
samples. 
 
Table 7.9: Fire testing results of the samples presented in Table 7.7.  
Sample UL94 LOI   Cone Calorimetry (50 kW/m2) 
 1 2 3 %O2 
Es 
(LOI) 
Tig Tfo Tburn TPHR 
PHR 
TSR 
Es 
(PHR) 
PA66 Fail Fail Fail 22.6 - 76 197 121 138 1644 1.000 - 
AlPi-7.5 Fail Fail Fail 28.2 - 58 178 120 130 1190 2.801 - 
AlPi-10.0 V-0 V-0 V-0 31.5 - 41 147 106 113 1008 2.393 - 
AlPi/MPP-7.5 V-2 V-2 Fail 26.4 - 41 168 127 125 974 2.919 - 
AlPi/MPP-10.0 V-0 V-1 Fail 28.2 - 57 191 134 165 964 2.832 - 
AlW/AlPi-7.5 V-1 Fail Fail 26.4 0.62 43 224 181 153 616 2.383 1.04 
AlW/AlPi-10.0 V-0 V-1 V-1 30.3 0.82 35 142 107 100 851 2.220 0.68 
AlW/AlPi/MPP-7.5 Fail Fail Fail 25.8 0.74 56 305 250 100 346 2.696 1.08 
AlW/AlPi/MPP-10.0 V-1 Fail Fail 25.9 0.54 54 340 286 103 331 2.354 1.08 
SnW/AlPi-7.5 V-2 V-2 V-2 26.1 0.69 30 98 69 58 760 1.242 0.75 
SnW/AlPi-10.0 V-0 V-1 V-2 30.1 0.89 43 187 145 143 660 2.748 0.72 
SnW/AlPi/MPP-7.5 Fail Fail Fail 27.2 1.39 54 292 238 140 404 2.980 0.89 
SnW/AlPi/MPP-10.0 V-2 Fail Fail 28.7 1.20 42 208 166 103 506 2.740 0.81 
Key: 1, 2 and 3 are the UL94 replicates to show reproducibility, Tig, Tfo, Tburn and TPHR are the times to ignition, 
flame out, total burn (= Tfo – Tig) and peak heat release rate respectively (s), PHR is peak heat release rate 
(kW/m
2
) and TSR is total smoke release (m
2
/m
2
). Es is the synergistic effectivity, calculated for both LOI and cone 
PHR. 
 
As can be seen from the results in Table 7.9 above, the previously observed interaction between 
AlW and AlPi and that between SnW and AlPi/MPP is less pronounced than previously observed in 
terms of both LOI and UL-94 performance possibly due to the differences in processing 
encountered following the loss of an experienced member of technical staff with whom the 
sample preparation of Matrix P1 was undertaken. As would be expected, increasing the amount 
of AlPi or AlPi/MPP improves the fire performance of all UL94 and LOI results, and the similar 
trends of AlW performing more effectively with AlPi compared with AlPi/MPP are also 
comparable with those from previous Matrix P1 experiments. Interestingly, SnW performs better 
with AlPi at 10 wt% than with AlPi/MPP at 10 wt% in UL94 and LOI analysis. Synergistic effectivity 
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(Es) values were calculated for the LOI results (see Chapter 4, Equation 3) and listed in Table 7.9. 
Cursory inspection shows that these show that these values to differ from similar samples in the 
P1 Matrix and listed in Table 7.6. This may possibly be due to the aforementioned processing 
differences, although SnW/AlPi/MPP combinations retain the previously observed superior Es (>1) 
values. A full discussion of these figures is presented in Section 9.5 for more ready comparison 
with other matrices. 
 
  
Figure 7.6a and 7.6b: Cone calorimetry heat release rates at 50 kW/m2 of AlPi (left) and AlPi/MPP 
(right) containing samples in combination with AlW and SnW in varying ratios. 
 
The plots of cone calorimetric heat release rates over time for the Matrix P2 samples are shown 
above in Figures 7.6a and 7.6b. The trends of time to ignition generally mirror those of Matrix P1, 
with AlPi-containing samples igniting sooner than their AlPi/MPP counterparts. The AlPi-
containing samples show a greater degree of variation in profile than those containing AlPi/MPP. 
It is possible that some of this variation stems from the different processing history of the samples 
as previously mentioned. Increasing the concentration of AlPi from 7.5 to 10 wt% in PA66 has a 
similar effect to that observed in the calibration study (see Figures 7.3a and 7.3b), reducing the 
peak heat release rate while slightly prolonging burning. Increasing the concentration of AlPi in 
the presence of AlW interestingly shortens the burning time and increases the peak heat release 
rate. The SnW/AlPi-7.5 sample contained voids due to processing difficulties and as such the 
results for this sample are probably outliers. In comparison, SnW/AlPi-10 performs more similarly 
to AlW/AlPi-7.5 than to AlW/AlPi-10, with a prolonged burn time and lower heat release values, 
probably as a result of more cohesive barrier formation through char promotion by the 
phosphorus-containing AlPi as stated previously. The results for the AlPi/MPP-containing samples 
show far clearer trends for the AlPi samples in that increasing the concentration of AlPi/MPP from 
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7.5 to 10 wt% in PA66 with or without the presence of AlW, burning is both prolonged and less 
intense. The exceptions to this are the SnW-containing samples, for which the increased 
concentration of AlPi/MPP results in a slightly more intense, shorter burn than for the 7.5 wt% 
AlPi/MPP-containing sample, although it is plausible that these variations are within experimental 
error. The smoke production (Section 2.6.4) by all samples mirrors the trends observed in Tables 
7.3 and 7.6. Peak heat release rates are the lowest of all Matrix P2 samples, but burning is 
prolonged for both AlW/AlPi/MPP-containing samples. Again, synergistic effectivity (Es) values 
were calculated for the cone PHR values, as listed in Table 7.9. As for the LOI Es values described 
above, the sample values attained in Matrix P1 were not reproduced here, although some AlW-
containing samples, register Es values of greater than 1. A full discussion of these figures is 
presented in Section 9.5 for more ready comparison with other matrices. 
 
In summary, the results observed in Matrix P2 generally mirror those observed in Matrix P1 for 
AlW and SnW-containing formulations, but with a few minor exceptions. However, the previously 
observed both overall and favourable interactive performance between the FRC and PFR 
components are generally lower, most likely due to the processing differences between the two 
matrices. Increasing the concentration of AlPi from 7.5 to 10 wt% with 5% of either AlW or SnW 
improves the general fire performance, especially with respect to reduced cone peak heat and 
smoke release values. Interestingly, the calculated Es values calculated from the peak heat release 
rate of these samples show the inverse trend of the results obtained in Matrix P1, where AlPi 
samples generally registered Es values about half those of AlPi/MPP-containing samples, although 
in this matrix, the difference between them is far less pronounced with AlW presence indicating 
more effective synergistic performance than SnW, as previously observed. This confirms the 
previous suggestion that this compound is the superior flame retardant candidate of choice for 
use with phosphorus-containing PA66 formulations.  
 
7.3.4: Matrix P3 Results and Discussion 
Following the studies of AlPi and AlPi/MPP in Matrices P1 and P2, it was decided to test three of 
the flame retardant candidate compounds (AlW, SnW and ZnW at 5 wt% levels) with melamine 
polyphosphate alone (at 10 wt%) to determine if any favourable condensed-phase interactions 
occurred. ZnW was included in this matrix due to the superior performance exhibited in 
combination with AlPi/MPP in Matrix P1. The formulations in Matrix P3, is outlined in Table 7.10.  
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Table 7.10: Samples prepared as part of the Matrix P3, noting composition and any erroneous 
behaviour encountered during processing. 
Sample PA66 MPP FRC Compounding Pressing 
PA66 100.0 - - Y Y 
MPP 90 10 - Y Y 
MPP-AlW 85 10 5 Y Y 
MPP-SnW 85 10 5 Y Y 
MPP-ZnW 85 10 5 Y Y 
 
All the samples were successfully compounded, pressed, cut and subjected to the same suite of 
thermal stability and fire tests as the other samples, for which the results are presented below in 
Tables 7.11 and 7.12 respectively.  
 
Table 7.11: TGA/DTA results of the samples presented in Table 7.10.  
Sample TGA/DTA (Air) TGA/DTA (N2) 
 T5% DTG 500 580 T5% DTG 500 580 
PA66 386 461 11.2 3.9 402 453 3.8 3.5 
MPP 352 380 15.4 10.5 346 377 9.2 8.7 
MPP-AlW 351 381 17.2 11.5 344 378 8.9 8.4 
MPP-SnW 351 387 20.2 12.7 346 379 9.8 9.4 
MPP-ZnW 354 381 19.4 11.8 347 380 9.3 8.9 
T5% is the temperature to 5% mass loss, DTG is the peak mass loss 
rate and 500 and 580 are the residues levels at those temperatures 
respectively (in 
o
C). 
 
With respect to the results displayed above in Table 7.11, the addition of MPP alone and in 
combination with AlW, ZnW or SnW, reduces the onset (T5%) and peak degradation temperature 
(DTG) of PA66 within the experimental error of one another. Increases in the high temperature 
residues (500 and 580 oC) are observed under air and nitrogen conditions upon the incorporation 
of MPP, with the further addition of the flame retardant candidates improving this under air, the 
greatest effect being promoted by SnW. The TGA curves under flowing air are shown below in 
Figure 7.7 to illustrate this latter effect.  
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Figure 7.7: TGA curves of Matrix P3 samples under air. 
 
Table 7.12: Fire testing results of the samples presented in Table 7.10.  
Sample UL94 LOI   Cone Calorimetry (50 kW/m2) 
 1 2 3 %O2 
Es 
(LOI) 
Es 
(LOI)* 
Tig Tfo Tburn TPHR PHR TSR 
Es 
(PHR) 
PA66 V-2 V-2 Fail 23.3 - - 45 137 92 93 1544 1.000 - 
MPP V-2 Fail Fail 27.3 - - 41 174 133 93 715 2.258 - 
MPP-AlW V-2 V-2 Fail 27.5 0.93 1.05 32 159 127 83 719 2.285 0.33 
MPP-SnW V-2 V-2 Fail 27.3 1.14 1.00 33 159 126 90 653 2.022 0.59 
MPP-ZnW V-2 V-2 Fail 26.2 0.97 0.73 35 166 131 103 604 2.151 0.72 
Key: 1, 2 and 3 are the UL94 replicates to show reproducibility, Tig, Tfo, Tburn and TPHR are the times to ignition, 
flame out, total burn (= Tfo – Tig) and peak heat release rate respectively (s), PHR is peak heat release rate 
(kW/m
2
) and TSR is total smoke release (m
2
/m
2
). Es is the synergistic effectivity, calculated for both LOI and cone 
PHR. The Es (LOI)* values omit the effect of the FRC in the calculation by removing the (XS – Xpoly) term from the 
equation. 
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Figure 7.8: Cone calorimetry heat release rates at 50 kW/m2 of Matrix P3 samples.  
 
As can be seen from the fire testing results in Table 7.12 above, further incorporation of any of 
the flame retardant candidate compounds in addition to MPP has very little effect on the burning 
properties of the composites, aside from a minor increase in LOI with the addition of AlW, which 
probably lies within experimental bounds of the technique. However, there is a general minor 
improvement in the UL94 performance of all complex-containing samples. Es values were 
calculated using the LOI values of these samples, indicating a degree of synergy between SnW and 
MPP. However, the synergistic effectiveness (Es) calculated for LOI is close to unity for MPP/AlW 
and MPP/ZnW, suggesting additive behaviour at best, but is markedly higher for MPP/SnW, 
probably because of the reducing effect that SnW has on the LOI of pure PA66 (Table 6.6) relative 
to the other FRCs tested, excluding ZnW. If the effect of the FRCs on LOI (XPA66+FRC – XPA66 factor) is 
assumed to equal zero (i.e. the presence of SnW alone is assumed to have no real effect on the 
flammability of PA66 other than modifying its melting behaviour perhaps, which then affects the 
LOI)), the interpretation of the values is significantly altered as shown in the Es (LOI)*column in 
Table 7.12. Here AlW now displays a moderate synergy instead of additive performance, SnW 
shows additive performance, rather than synergy and ZnW shows significant antagonism, rather 
than additive behaviour. A full discussion of these figures is presented in Section 9.5 for more 
ready comparison with other matrices. 
 
With respect to cone calorimetry data, little effect is observed on overall shape of the peak heat 
release rate profiles of MPP with the addition of AlW, SnW or ZnW, as can be seen in Figure 7.8, 
although the addition of each FRC does decrease the rate of heat release in the early stages of the 
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experiment marginally. Times to ignition are reduced by the incorporation of all three flame 
retardant candidates, although SnW and ZnW both marginally lower the peak heat release rate 
and smoke production. Smoke production is doubled from that of pure PA66 by the addition of 
MPP, and reduced slightly by the inclusion of SnW and ZnW.  
 
In summary, while providing a modest improvement in TGA/DTA char yields with no observed 
deleterious effects on the thermal stability when incorporated with MPP in PA66, the three tested 
flame retardant candidate compounds proved to have negligible positive effect on the fire 
performance of the produced samples. This suggests that the previously observed positive 
interactions and possible synergy between several of the compounds and AlPi and AlPi/MPP are 
due to more complex interactions between the flame retardant candidates and the individual 
components of AlPi and MPP than MPP alone.[2] Es values calculated from the cone PHR values 
show antagonistic behaviour for all samples containing MPP and each of the FRCs.  
 
7.4: Conclusions 
As can be seen from the results gained in Matrices P1 to P3, a degree of positive interaction and 
even possible synergy can be seen to occur between several of the tested flame retardant 
candidate compounds and the selected phosphorus-containing flame retardants with the most 
promising behaviour observed for AlW in combination with AlPi and SnW in combination with 
both AlPi and AlPi/MPP, although the performance of these samples is sensitive to the processing 
conditions used, as evidenced by the differences in performance between Matrices P1 and P2. 
The mechanism of action of the more favourable interactions is likely a hybrid mechanism of 
condensed and vapour-phase activity. AlPi is primarily a vapour phase active species, producing 
volatile phosphinic acid upon degradation, as per Equation 7.1, which acts as a vapour-phase 
radical scavenger as outlined in Chapter 2. In addition to this, a residue of aluminium phosphates 
is left behind,[3] capable of forming a protective barrier over a decomposing polymer. MPP is 
primarily a condensed-phase flame retardant species, decomposing at elevated temperatures to 
produce melamine and polyphosphoric acid, as per Equation 7.2. The polyphosphoric acid is a 
potent condensed-phase char promoter, acting by acidic cross-linking of oxygen and nitrogen 
containing polymers which eliminate water or ammonia, as per Equation 7.3. The melamine 
produced can act in a number of ways: as a vapour phase diluter of fire gases by evaporation, and 
decomposition, forming ammonia and larger agglomerated species, according to Equation 7.4.[4]  
 
Al(O2PEt2)3  AlPO4 + “PO2H” + “Et”   (7.1) 
 [C3N6H7.PO3]n  (HPO3)n + nC3N6H6   (7.2) 
HPO3 + R-CH2-CHOH-R  HPO3 + R-CH=CH-R + H2O (7.3) 
nC3N6H6  nNH3 + (C3N5H4)n    (7.4) 
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where PO2H = O=P-O-H and Et = C2H5 
 
As previously observed, both AlW and SnW relative to ZnW promote the formation of char in 
PA66, and this factor most likely combines with a number of the outlined processes above to 
better form cohesive chars when combined with AlPi or AlPi/MPP, including reactions with the 
aluminium phosphate residues from Equation 7.1, the polyphosphoric acid from Reaction 7.2 and 
possibly the melamine residues from Reactions 7.2 and 7.4. It is also plausible that such inorganic 
additives can catalyse or promote the cross-linking of dehydrated polymer species such as those 
produced from Equation 7.3.[5] 
 
Following the studies with phosphorus-containing flame retardants, an investigation into the 
activity of several of the flame retardant candidates with several polymeric brominated flame 
retardants was undertaken, comprising the following section of work, Chapter 8. A 
comprehensive study of the mechanisms of action of the possibly synergistic combinations from 
this chapter, and those from Chapter 8 is presented in Chapter 9.  
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Chapter 8: Interactions of Flame Retardant Candidate Compounds with Commercial Bromine-
Containing FRs in PA66 
 
8.1: Introduction 
Following the studies carried out in Chapter 7, where the efficacy and potential synergistic 
interactions of several of the flame retardant candidate compounds produced in Chapter 6 
combined with three conventional phosphorus flame retardant formulations (AlPi, AlPi/MPP and 
MPP) was tested, it was decided to test their effect together with two polymeric brominated 
flame retardant compounds. As outlined in Chapter 2, phosphorus-based flame retardants can act 
in either the vapour or condensed-phase and, as observed in Chapter 7, the degree of interaction 
observed between the selected FRCs and AlPi and AlPi/MPP probably involves additional 
condensed-phase interactions. Conversely, brominated flame retardants act primarily in the 
vapour phase and when any interaction occurs with a synergist, this is generally via the formation 
of volatile metal halides (normally chlorides or bromides) from the reaction of hydrogen halides 
(such as HBr produced from organobromine flame retardants) with metal oxide synergists such as 
antimony (III) oxide as discussed in Section 2.5.[1]  
 
As with Chapter 7, any reference to a given flame retardant species, or mixtures thereof (such as 
AlW/BrPBz), refers to that compound or combination in PA66 and not the individual or combined 
species on their own. See the relevant matrices for complete sample composition.  
 
From previous work carried out at Bolton involving PA66,[2] two polymeric brominated flame 
retardants were selected: brominated polystyrene (BrPS, 2.7 Br/Ph ring, 66% Br, as FR803P, ICL-
Europe) and poly(pentabromobenzyl acrylate) (BrPBz, 71% Br, FR1025, ICL-Europe), and whose 
structures are outlined below in Figure 8.1.  
 
 
Figure 8.1: Structures of BrPS (left) and BrPBz (right).  
 
An initial sighting matrix was prepared, taking three of the better performing FRCs (AlW, ZnW and 
SnW) which displayed promising behaviour with phosphorus flame retardants in Chapter 7 in 
combination with the two selected brominated flame retardants, a matrix of samples for 
investigation was prepared. The total concentration of brominated flame retardants was set at 10 
wt% and the flame retardant candidates at the previously used level of 5 wt%. These samples 
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comprise Matrix Br1. Based on the results of Matrix Br1 sample experiments, two of the FRCs 
investigated (SnW and ZnW) showed promising behaviour, and as such were incorporated into a 
second matrix to better analyse the interactions with bromine. 
 
Matrix Br2 was constructed to allow the effect of different Zn:Br, Sn:Br and W:Br molar ratios to 
be studied. As per previous work in the author’s group,[2] the bromine content of the samples was 
increased to 10 wt% Br, rather than the 10 wt% total BrFR used in Matrix Br1. Metal to bromine 
molar ratios of 6:1 and 8:1 were selected to ensure the total BrFR plus FRC contents did not 
exceed 20 wt%,  a suitable maximum level for a potentially commercial composition. Ratios lower 
than 1:4 (including 1:2, for instance, to account for SnCl4, SnCl2 and ZnCl2 as examples), would 
have resulted in additive loadings exceeding 20 wt% with SnW and ZnW concentrations >10 wt%, 
which would have a deleterious effect on the processibility and mechanical properties of the 
polymers.  
 
8.2: Experimental 
8.2.1: Compounding, Plaque Pressing and Sample Cutting 
The PA66 compounded samples were prepared, pressed and cut as described in Chapter 3. The 
matrices of samples produced, including their compositions, are outlined below in Tables 8.1 and 
8.4. 
 
8.2.2: TGA/DTA Analysis 
TGA/DTA analysis was performed as described in Chapter 3 unless otherwise stated, using the 
polymer chips as produced from the extruder for analysis of the compounded samples.  
 
8.2.3: Flammability Testing 
All flammability tests were performed as described in Chapter 3.  
 
8.3: Results and Discussion 
8.3.1: Matrix Br1 (FRC-BrFR Interaction Study) 
As outlined above, Matrix Br1 was a sighting study prepared to determine if any favourable 
interactions occurred between three FRCs (AlW, SnW, ZnW) and two brominated flame retardants 
(BrPS and BrPBz). The samples produced are outlined in Table 8.1 below. 
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Table 8.1: Samples prepared as part of Matrix Br1, noting composition and any erroneous 
behaviour encountered during processing.  
Sample PA66 BrPS BrPBz FRC Compounding Pressing 
PA66 100.0    Y Y 
BrPS 90.0 10.0   Y Y 
BrPBz 90.0  10.0  Y Y 
AlW/BrPS 85.0 10.0  5.0 Y Y 
ZnW/BrPS 85.0 10.0  5.0 Y Y 
SnW/BrPS 85.0 10.0  5.0 Y Y 
AlW/BrPBz 85.0  10.0 5.0 Y Y 
ZnW/BrPBz 85.0  10.0 5.0 Y Y 
SnW/BrPBz 85.0  10.0 5.0 Y Y 
Key: All composition values are expressed as wt% of total. 
 
All samples in Table 8.1 were successfully compounded, pressed and cut into the required size for 
testing, and were subjected to the full suite of fire tests outlined in Chapter 3. The thermal 
stability and fire performance results of these samples are presented below in Tables 8.2 and 8.3 
respectively.  
 
Table 8.2: TGA/DTA results of the Br1 matrix samples presented in Table 8.1.  
Sample TGA/DTA (Air) TGA/DTA (N2) 
 T5% DTG 500 580 T5% DTG 500 580 
PA66 386 461 11.2 3.9 402 453 3.8 3.5 
BrPS 400 430 8.1 0.5 411 435 3.0 1.6 
BrPBz 363 402 10.6 1.2 368 408 3.8 3.2 
AlW/BrPS 374 423 15.9 4.4 388 428 8.9 8.9 
ZnW/BrPS 375 431 20.4 9.6 371 432 11.6 10.8 
SnW/BrPS 368 424 20.9 10.3 371 429 15.9 14.7 
AlW/BrPBz 367 405 15.1 4.6 374 407 5.0 4.4 
ZnW/BrPBz 358 404 26.2 20.8 356 399 20.2 18.4 
SnW/BrPBz 357 410 20.5 9.2 353 414 14.5 13.3 
Key: T5% is the temperature to 5% mass loss, DTG is the peak mass loss rate 
and 500 and 580 are the residues levels at those temperatures respectively 
(in 
o
C). 
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Figure 8.2: TGA mass losses of PA66 and PA66 samples containing 10 wt% BrPS and BrPBz under 
air. 
 
The effect of adding each BrFR to PA66 on the TGA behaviours in air is shown in Figure 8.2. As can 
be seen, BrPBz significantly reduces the onset of degradation from ~ 425 oC to ~ 350 oC, although 
BrPS shows a more rapid mass loss than either pure PA66 or BrPBz. All samples degrade so that 
no little or residue remains at 600 oC. Relevant data is extracted from each set of TGA and DTA 
curves and collated for all Matrix Br1 samples in Table 8.2. From these and Figure 8.2 it can be 
seen that the incorporation of each brominated flame retardants reduces the onset (T5%) and 
peak degradation rates (DTG) of PA66, with all samples containing BrPS displaying a higher 
thermal stability than those containing BrPBz. This is due to the lower onset of degradation of the 
latter compared to BrPS, and the further addition of each selected FRC has little further effect on 
the respective degradation temperatures. High temperature residue yields at 500 and 580 oC, 
while being little affected by the presence of each BrFR alone, are increased significantly by the 
inclusion of each of the 3 FRCs in the order ZnW > SnW > AlW of decreasing effectiveness. Some 
samples, notably ZnW/BrPBz and SnW/BrPS have maintained comparatively high levels of residue 
even under nitrogen, where previously for all matrices in Chapter 7, such phenomena were not 
observed, suggesting a different mechanism of action with respect to residue and perhaps char 
promotion which is less influenced by the oxidative sensitivity of PA66 as phosphorus-containing 
flame retardants appear to be. 
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Table 8.3: Fire testing results of the samples presented in Table 8.1.  
Sample UL94 LOI  Cone Calorimetry at 50 kW/m2 
 1 2 3 %O2 Es (LOI) Tig Tfo Tburn TPHR PHR TSR Es (PHR) 
PA66 Fail Fail Fail 22.6 - 76 197 121 138 1644 609 - 
BrPS V-2 V-2 Fail 22.9 - 66 174 108 140 1049 1821 - 
BrPBz V-2 V-2 V-2 22.3 - 50 166 116 115 1206 1447 - 
AlW/BrPS V-2 V-2 Fail 23.3 0.88 70 182 112 143 999 1789 0.57 
ZnW/BrPS V-2 V-2 V-2 26.2 -5.14 75 212 137 140 485 949 1.00 
SnW/BrPS V-2 V-2 V-2 26.7 -20.50 28 107 79 60 546 1973 0.88 
AlW/BrPBz V-2 Fail Fail 22.3 -1.50 57 154 97 123 1174 1246 0.48 
ZnW/BrPBz V-0 V-2 V-2 28.5 -8.43 46 174 128 98 896 1186 0.90 
SnW/BrPBz V-2 V-2 Fail 26.7 -5.12 53 166 113 120 802 1766 0.64 
Key: 1, 2 and 3 are the UL94 replicates to show reproducibility, Tig, Tfo, Tburn and TPHR are the times to ignition, flame 
out, total burn (Tfo – Tig) and peak heat release rate respectively (s), PHR is peak heat release rate (kW/m
2
) and TSR 
is total smoke release (m
2
/m
2
). 
 
As can be seen from the results in Table 8.3 above, UL94 performance is improved by addition of 
BrPS and BrPBz and either is maintained by the further inclusion of each FRC or is improved in the 
case of both SnW/BrPS and ZnW/BrPS samples to yield consistent V-2 ratings, which coincides 
with an increase in LOI from 22.9 to >26 %O2. However, the inclusion of AlW has little favourable 
effect, suggesting a lack of positive interaction, and at worst, antagonism. As per Chapter 7, 
synergstic effectivity (Es) values were calculated for the LOI results (Chapter 4, Equation 3). Some 
artefacts of the calculation are observed in the form of negative values for the majority of 
samples, due to the negative effect SnW, ZnW and BrPBz both have on the LOI of PA66 and the 
outlying large value observed for SnW/BrPS due to the small negative dividing factor. In this 
respect, this metric of less use than in Chapter 7, but a full discussion of these figures is presented 
in Section 9.5 for more ready comparison with other matrices. 
 
  
Figures 8.3a and 8.3b: Heat release rate curves at 50 kW/m2 for Matrix Br1 samples. 
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Exemplar cone calorimetry, heat release rate curves are shown in Figures 8.3a and 8.3b for the 
BrPS and BrPBz formulations respectively, highlighting the most significant changes in burning 
behaviour. From Table 8.4, it is seen that times to ignition are reduced by the inclusion of BrPS 
and further by the inclusion of BrPBz, mirroring the reduction in onset of degradation observed in 
TGA/DTA analysis. The low Tig value highlighted in Table 8.3 for SnW/BrPS is an artefact due to 
experimental error. Total burning times are not notably changed within typical experimental error 
(±10 %) by the inclusion of any of the combinations of flame retardants. In contrast to the more 
efficient BrPBz-containing samples with respect to their LOI and UL94 performance, BrPS-
containing samples generate lower peak heat release rates in combination with ZnW and SnW, 
being approximately 50% lower than the equivalent samples containing BrPBz. Smoke production 
is increased above that of the PA66 control in the presence of all additives, but suppressed in 
relation to the bromine-only controls by further addition of SnW. Smoke production is 
significantly increased by the addition of BrPS and BrPBz. ZnW reduces this significantly with both 
BrFRs, although AlW marginally reduces smoke production with BrPBz. This mirrors the behaviour 
of ZnW observed in Chapters 6 and 7. This can possible be ascribred to the presence of zinc.  
 
As can be seen from Figure 8.3a, the reduction of heat release rate by SnW and ZnW in BrPS is 
notable, but the former FRC SnW/BrPS sample burns with the same intensity for less time, thus 
producing less heat overall. Figure 8.3b shows the interactions with BrPBz, with ZnW producing 
the lowest peak and total heat release.  
 
Synergistic effectivity values, Es, were calculated for PHR values, showing only the ZnW/BrPS 
achieves a greater Es than unity. A complete discussion of these figures is present in Section 9.5  
for more ready comparison with the other matrices.  
 
In summary, these results suggest that a degree of positive flame retarding interaction exists 
between both ZnW and SnW and the selected brominated flame retardants, with BrPS performing 
more admirably under cone calorimetric analysis and BrPBz providing more promising results 
under UL94 and LOI analysis. Thus a further, more in-depth study was warranted. 
 
8.3.2: Matrix Br2 (Metal:Bromine Ratio Study): Results and Discussion  
Following the promising behaviour displayed by SnW and ZnW in combination with BrPS and 
BrPBz, a more in-depth study was prepared, as described above in which the ratios of tin:bromine 
and zinc:bromine molar ratios were each varied between 6:1 and 8:1. These samples constitute 
Matrix Br2 and the formulations prepared are outlined below in Table 8.4. A different approach 
to sample preparation was taken with these samples in an attempt to eliminate the variability 
observed between the performance (especially UL94 test rating variability) of Matrices P1 and P2 
154 
due to the loss of an experienced member of technical staff, and thus possible poor dispersion of 
flame retardant species within the PA66 matrix. As mentioned previously, the concentration of 
BrPS and BrPBz was increased from the 10% used in Matrix Br1 to 10 wt% Br, corresponding to 
15.2 and 14.1 wt% respectively. These were prepared in larger quantities as a “master batch”, to 
which the FRC (SnW or ZnW) powders were added in a separate compounding step. Two internal 
controls (marked with a *) in Table 8.4 below were prepared using the more conventional “one 
pot” approach as used previously for Matrices P1, P2 and Br1, whereby all the constituent 
components of the composite were added to the extruder hopper and processed in one pass. The 
8:1 and 6:1 molar ratios between bromine and either tin or zinc were chosen as these allowed 
sample compositions within acceptable bounds described above (eg. total [FRC+BrFR] ≤ 20 wt%) 
and corresponded to assumed complete volatilisation of both components within each FRC as 
divalent tin or zinc, tetravalent tin or di- and/or hexavalent tungsten most likely as respective 
bromides. For each formulation containing SnW/BrFR and ZnW/BrFR there would be 
corresponding expected Br:W molar ratios which are listed also in Table 8.4. X-ray fluorescence 
examination enabled actual Br:W molar ratios to be calculated as shown in Table 8.4. 
 
Table 8.4: Samples prepared as part of the Matrix Br2, noting composition and any erroneous 
behaviour encountered during processing. 
Sample PA66 BrPS BrPBz FRC Compounding Pressing Exp Br:W XRF Br:W 
Control 100    Y Y - - 
BrPS 84.8 15.2   Y Y - - 
BrPBz 85.9  14.1  Y Y - - 
BrPS-Sn-6:1 78.8 14.1  7.1 Y Y 6:1 7.19 
BrPS-Sn-8:1 80.2 14.4  5.4 Y Y 8:1 7.88 
BrPS-Zn-6:1 79.6 14.3  6.1 Y Y 6:1 23.58 
BrPS-Zn-8:1 80.8 14.5  4.7 Y Y 8:1 27.73 
#BrPS-Zn-6:1 79.6 14.3  6.1 Y Y 6:1 7.05 
#BrPS-Zn-8:1 80.8 14.5  4.7 Y Y 8:1 27.74 
BrPBz-Sn-6:1 78.8  13.1 7.1 Y Y 6:1 6.03 
BrPBz-Sn-8:1 80.2  13.3 5.4 Y Y 8:1 7.57 
BrPBz-Zn-6:1 79.6  13.2 6.1 Y Y 6:1 9.26 
BrPBz-Zn-8:1 80.8  13.4 4.7 Y Y 8:1 19.85 
#BrPBz-Zn-6:1 79.6  13.2 6.1 Y Y 6:1 3.28 
#BrPBz-Zn-8:1 80.8  13.4 4.7 Y Y 8:1 4.40 
*BrPS-Sn-8:1 80.2 14.4  5.4 Y Y 8:1 - 
*BrPBz-Sn-8:1 80.2  13.3 5.4 Y Y 8:1 - 
Key: All composition values are expressed as wt% of total. XRF Br:W molar ratios are calculated directly from XRF 
observed values divided by the atomic weight of each atom. Samples marked with a # are repeats, those marked with a 
* were prepared by the “one-pot” technique. Samples highlighted in red were repeated due to undesirable 
composition. 
 
As can be seen from Table 8.4 above, all samples were successfully prepared, pressed and cut, 
although XRF testing of the metal to bromine ratios gave erroneous results with respect to the 
predicted ones. This can be attributed to the tendency of some of the dense zinc tungstate 
powder to descend and collect in the bottom of the compounder’s hopper, preventing complete 
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inclusion during the run, as compared to tin (II) tungstate, which adheres electrostatically to the 
PA66 chips. As a result of this, the preparation of these samples was repeated, but the zinc 
tungstate powder (and polymer chips for one sample) was added manually to the compounder’s 
screw to ensure complete addition. The repeated samples are marked with a hash (#), and except 
for BrPS-Zn-8:1 (highlighted yellow), the Br:W ratios are far closer to the expected levels. The 
deviation of the named sample most likely results from the loss of some ZnW powder during 
compounding, as this was the first sample repeated, both powder and BrFR masterbatch were 
spoon-fed into the hopper of the extruder. This was refined for the remaining three samples so 
that only the FRC powder (ZnW or SnW) was added to the hopper. It should be noted that the 
variability and reduced levels of BrPS and BrPBz in the samples containing ZnW and SnW relative 
to those for samples containing BrFRs alone are a result of the addition of both tungstates to the 
masterbatches, which contain 10 wt% Br with respect to PA66. All samples were subjected to the 
full suite of fire tests outlined in Chapter 3. The thermal stability and fire performance results of 
these samples are presented below in Tables 8.5 and 8.6 respectively. 
 
Table 8.5: TGA/DTA results of the samples presented in Table 8.4.  
Sample TGA/DTA (Air) TGA/DTA (N2) 
 T5% DTG 500 580 T5% DTG 500 580 
Control 386 461 11.2 3.9 402 453 3.8 3.5 
BrPS 389 423 5.7 0.0 398 423 4.3 3.9 
BrPBz 352 394 9.0 0.4 354 393 4.4 4.3 
BrPS-Sn-6:1 360 415 26.8 10.8 358 421 18.4 17.1 
BrPS-Sn-8:1 351 414 26.0 12.3 351 417 19.1 17.8 
BrPS-Zn-6:1 365 420 14.9 7.3 368 426 7.5 6.9 
BrPS-Zn-8:1 361 420 13.9 5.6 360 425 6.5 5.9 
#BrPS-Zn-6:1 382 428 27.8 21.2 379 431 18.1 16.8 
#BrPS-Zn-8:1 380 425 14.4 6.9 380 430 7.9 7.1 
BrPBz-Sn-6:1 338 386 17.2 5.5 332 398 16.1 15.1 
BrPBz-Sn-8:1 340 393 22.6 7.9 336 394 14.5 13.7 
BrPBz-Zn-6:1 357 399 19.4 5.2 353 395 12.0 11.1 
BrPBz-Zn-8:1 354 396 16.8 5.2 350 394 8.2 7.5 
#BrPBz-Zn-6:1 364 406 24.4 21.0 365 406 17.9 16.4 
#BrPBz-Zn-8:1 360 405 22.4 14.6 366 405 17.6 15.8 
*BrPS-Sn-8:1 354 416 16.1 8.4 351 421 9.8 9.2 
*BrPBz-Sn-8:1 354 396 16.8 5.2 336 396 17.8 16.9 
Key: T5% is the temperature to 5% mass loss, DTG is the peak mass loss rate and 
500 and 580 are the residues levels at those temperatures respectively (in 
o
C). 
Samples marked with a # are repeats, those marked with a * were prepared by 
the “one-pot” technique. 
 
As can be seen from the data in Table 8.5 above, the incorporation of either BrPS or BrPBz into 
PA66 has the same deleterious effect on both the onset (T5%) and peak degradation rate of the 
polymer under TGA/DTA under air as was observed in Matrix Br1 in Table 8.2, with the latter 
brominated flame retardant having the greater effect. Both brominated flame retardants on their 
own produce small and even negligible amounts of char at high temperatures especially in air at 
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580 oC. Incorporation of either ZnW or SnW into PA66 with either BrPS or BrPBz has marginal 
further effect on reduction of the onset and peak degradation temperatures, but also promotes 
the formation of significantly higher residues at high temperatures, with the higher 
concentrations of ZnW (Br:Zn = 6:1) producing more residue than the lower concentrations (Br:Zn 
= 8:1). Conversely, lower concentrations of SnW (8:1) produce, under air, marginally higher high 
temperature residues than the higher concentrations (6:1), but these values are, on average, a 
factor of two lower than the equivalent char promoted by ZnW (repeated samples). The trends 
under nitrogen are similar to those under air, although SnW produces a higher degree of residue, 
suggesting the char promoted by ZnW in combination with both brominated flame retardants is 
more stable to oxidation. The results obtained from the “one pot” samples differ slightly from the 
comparable samples in the rest of the matrix by displaying slightly lower char yields at high 
temperatures, though the onset of degradation and peak degradation rates are similar. The 
initially prepared ZnW/BrFR composites (highlighted in red), display lower, but still respectable 
degrees of high level char despite the far lower concentrations of synergist present therein.  
 
Table 8.6: Fire testing results of the samples presented in Table 8.4.  
Sample UL94 LOI  Cone Calorimetry at 50 kW/m2 
 1 2 3 %O2 Es (LOI) Tig Tfo Tburn TPHR PHR TSR Es (PHR) 
Control V-2 V-2 Fail 23.3 - 45 137 92 93 1541 770 - 
BrPS V-2 V-2 Fail 23.8 - 54 138 84 103 1027 2190 - 
BrPBz V-2 V-2 V-2 23.1 - 45 122 77 88 1290 1799 - 
BrPS-Sn-6:1 V-2 Fail Fail 28.5 Inf 38 165 127 85 535 2656 0.998 
BrPS-Sn-8:1 V-2 V-2 V-2 28.8 Inf 34 144 111 83 590 2109 0.944 
BrPS-Zn-6:1 V-2 Fail Fail 26.4 -6.20 57 159 103 103 751 2544 0.994 
BrPS-Zn-8:1 V-2 V-2 Fail 25.1 -3.60 59 171 112 105 680 2589 1.083 
#BrPS-Zn-6:1 V-2 V-2 Fail 27.5 -8.40 54 201 147 148 542 3144 1.042 
#BrPS-Zn-8:1 V-2 V-2 Fail 26.0 -5.40 73 226 175 205 691 3310 0.911 
BrPBz-Sn-6:1 V-2 V-2 V-2 28.7 -7.71 36 143 107 85 849 2038 0.761 
BrPBz-Sn-8:1 V-2 V-2 V-2 27.6 -6.14 41 146 105 90 837 1954 0.775 
BrPBz-Zn-6:1 V-2 V-2 V-2 24.8 -1.25 35 121 86 90 1018 1855 0.752 
BrPBz-Zn-8:1 Fail Fail Fail 24.0 -0.58 53 134 81 100 1076 1965 0.668 
#BrPBz-Zn-6:1 V-2 Fail Fail 28.2 -4.08 55 200 145 143 661 2552 1.283 
#BrPBz-Zn-8:1 V-2 Fail Fail 28.0 -3.92 53 189 136 142 711 2550 1.212 
*BrPS-Sn-8:1 V-2 V-2 Fail 27.6 Inf 43 159 116 93 585 2492 0.949 
*BrPBz-Sn-8:1 V-2 V-2 Fail 27.7 -6.29 56 158 103 83 752 1716 0.868 
Key: 1, 2 and 3 are the UL94 replicates to show reproducibility, Tig, Tfo, Tburn and TPHR are the times to ignition, flame out, 
total burn (Tfo – Tig) and peak heat release rate respectively (s), PHR is peak heat release rate (kW/m
2
) and TSR is total 
smoke release (m
2
/m
2
). Samples marked with a # are repeats, those marked with a * were prepared by the “one-pot” 
technique. Es (LOI) values marked “Inf (Infinite)” are undefined, as the denominating term of the equation equals zero. 
 
As can be seen from the data in Table 8.6 above, the incorporation of BrPS and BrPBz into PA66 
both with and without SnW or ZnW has marginal effect on the UL94 performance of the samples, 
with the best performing results being consistent V-2 ratings for both brominated flame 
retardants in combination with SnW and the BrPBz control. Increasing the concentration of the 
flame retardant candidate synergists has variable effects. LOI values are little affected by the 
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inclusion of either BrPS or BrPBz alone into PA66, but are significantly increased with the further 
inclusion of either ZnW or SnW in combination with the brominated flame retardants. The higher 
concentrations of either ZnW or SnW (i.e. Br:metal=6:1 samples) give higher LOI values except for 
BrPS in combination with SnW, where a slight reduction is observed, in addition to a drop in 
observed UL94 performance. Several of the UL94 “fail” results can be attributed to a small flame 
adhering to one corner of the sample, thus prolonging the burning, possibly due to lack of 
sufficient thermal energy to activate the flame retardant mechanism therein or poor dispersion of 
the flame retardant species within the polymer.  
 
Synergistic effectivity (Es) values were calculated from the observed LOI results. All of the 
observed  Es (LOI) values are either negative or undefined due to the denominating term of the 
equation either being negative ((LOIBrFR – LOIPA66) + (LOIFRC – LOIPA66) < 0)  or zero ((LOIBrPS – LOIPA66) 
+ (LOISnW – LOIPA66) = 0) respectively. A full discussion and comparison of other synergistic 
effectivity values from all matrices is presented in Section 9.5. 
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(a)                                                (b) 
 
   (c)                               (d) 
Figures 8.4a to 8.4d: Heat release rate graphs at 50 kW/m2 of the samples from Matrix Br2. BrPS 
samples are the top row (a) and (b) curves, BrPBz the bottom (c) and (d) with SnW-containing 
sample curves on the left, and ZnW-containing curves on the right. NB: several of the ZnW 
samples have delayed sampling times due to build-up of residue on the cone sampling ring.  
 
With respect to cone calorimetry results, the previously observed trend of shorter times to 
ignition for BrPBz-containing samples is continued, and all samples containing both brominated 
flame retardant and flame retardant candidate display increased burn times of up to 50% relative 
to the controls, albeit with significantly lower peak heat release rates. The lowest peak heat 
release rate is produced by ZnW/BrPS with the higher concentration of the synergist, although 
this combination also produces one of the highest levels of smoke, followed by both levels of SnW 
with BrPS. Increasing the levels of ZnW or SnW synergist reduces the peak heat release of all 
combinations (excepting SnW/BrPBz) while increasing the production of smoke (excepting 
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ZnW/BrPS). Graphical representations of the heat release rates as presented in Figures 8.4a to d 
show the effect of increasing the concentration in greater clarity, although some shifting of the 
HRR responses from their actual position occurs due to the tendency of residues to build up on 
the cone calorimeter sampling ring and filters, thus delaying the passage of gas through the 
analysis circuit, evidenced by the building of carbonaceous material on the cone sampling ring and 
filters, as was observed when the cone calorimeter was disassembled for cleaning after 
completion of the completion sample collection. Smoke production (Section 2.6.4), in contrast to 
Matrix Br1, reverses the previously observed results with the inclusion of ZnW: smoke production 
is increased, while SnW has a minimal effect on this metric. This could be attributed to the 
different processing used (masterbatch vs. one-pot), although the SnW internal standards in this 
matrix gave similar results regardless of which sample preparation method was used. From the 
calculated synergistic efficiency (Es) values using the cone calorimetry peak heat release data, it 
can be seen that ZnW in combination with BrPBz gives the most likely occurrence of synergy of all 
the combinations tested. A full discussion and comparison of other synergistic effectivity values 
from all matrices is presented in Section 9.5. 
 
It can also be concluded with respect to sample preparation that a more traditional “one pot” 
approach, or, if utilising the masterbatch route, coating of the polymer chips with an appropriate, 
non-reactive wetting agent (such as silicone oil) to better adhere the inorganic particles to the 
polymer chips to ensure more complete addition of the inorganic component to the polymer 
 
From these results it can be seen that some promising activity exists between two of the flame 
retardant candidate compounds (SnW and ZnW) and brominated flame retardants. Further 
studies would allow for greater optimisation of formulations and thus greater performance than 
the results presented above.  
 
8.4: Conclusions 
It can be seen from the results presented above in Matrices Br1 and Br2, a degree of positive 
interaction is apparent between the two tested brominated flame retardants and tin (II) and zinc 
tungstates, with the latter FRC presenting the more favourable behaviour with Es values 
(calculated from cone calorimetry peak heat release) consistently > 1 for Matrix Br2 samples. 
There are a number of plausible explanations with regards to mechanism of action for the 
observed behaviour of these compounds, which are outlined below, divided into vapour-phase 
and condensed-phase subsections. 
 
Firstly, the known vapour-phase activity of hydrogen bromide (HBr) released by organobromine 
compounds may be amplified by the inclusion of ZnW or SnW by a number of potential routes, in 
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a similar manner to the action of antimony trioxide (Sb2O3) or zinc stannate (ZnSnO3) which are 
considered to generate respective antimony and tin bromides as intermediates, as previously 
described in Section 2.5. Volatilisation of either the tin or zinc components (Equation 8.1a, also 
accounting for oxidation of tin component, Equation 8.1b) tungsten component (Equation 8.2) or 
both components of the tungstates (Equation 8.3) are all possibilities 
 
MWO4 + 2HBr  MBr2 + WO3 + H2O   (8.1a) 
SnWO4 + 0.5O2 + 4HBr  SnBr4 + WO3 + 2H2O (8.1b) 
MWO4 + 6HBr  MO + WBr6 + 3H2O  (8.2) 
MWO4 + 8HBr  MBr2 + WBr6 + 3H2O  (8.3) 
 
Complete substitution of oxo ligands on the tungsten centre (Equation 8.2) is not necessarily 
essential for volatilisation of this metal, as a number of volatile oxyhalides, such as WO2X2 and 
WOX4 are known to exist.
[3] Vapour-phase action of the zinc or tin oxides is plausible after their 
reaction to form bromides, as for the observed behaviour of both the former (as zinc oxalate and 
derived ZnO) and the latter (as SnO) in Chapter 6 suggest. As halides, the radical-quenching action 
of the tin and zinc halides (SnX2, SnX4 and ZnX2) could be explained by the formation of hydrogen 
bromide (Equations 8.4a and 8.4b) and subsequent metal activity (Equations 8.4c to 8.4e), in a 
similar manner to the known action of iron, and antimony.[1, 4, 5] The boiling points of ZnBr2, SnBr2 
and SnBr4 are 697, 639 and 205 
oC respectively,[6] although experimentation of the sublimation of 
similar species by TGA/DTA analysis (ZnCl2, BP = 756 
oC) occurs at lower temperatures (see Figure 
8.5). 
 
MBr2 + H
.  MBr + HBr   (8.4a) 
MBr + H.  M + HBr   (8.4b) 
M + .OH  MOH   (8.4c) 
MOH + H. (or .OH)  MO + H2 (or H2O) (8.4d) 
MO + H.  MOH   (8.4e) 
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Figure 8.5: TGA of anhydrous ZnCl2. 
 
Vapour-phase action of tungsten would be a far more complex process due to the higher number 
of potential intermediates available for such chemistry to take place. The similar evolution of 
hydrogen bromide in the presence of hydrogen radicals is likely, as are a series of cycles involving 
various oxy-coordinated tungsten centres catalysing the formation of molecular hydrogen and 
water from hydroxyl and hydrogen radicals. The source of tungsten in the vapour phase could 
stem from the presence of either WOBr4 or WO2Br2, both of which are relatively volatile at fire 
temperatures (≈ 400 oC), and can be synthesised by vapour transport at such temperatures.[3] 
 
Secondly, the possible condensed-phase reactions of species produced by interactions of 
brominated flame retardants with SnW and ZnW must be considered. Both flame retardant 
candidates are capable of promoting the formation of char in PA66, as demonstrated by the 
screening process in Chapters 4 to 6, and this process is significantly enhanced by the presence of 
brominated flame retardants. This may be concluded by comparing behaviours of PA66 containing 
only brominated compounds, which do not produce any char under cone calorimetry testing, with 
PA66 samples containing only the flame retardant candidates, which produce only a small amount 
with the higher residues of the various PA66/FRBr/FRC combinations that include ZnW and SnW 
especially. The enhancement in char promotion can be linked to a number of chemical 
mechanisms. As outlined above and in Chapter 2, the hydrogen bromide produced from 
decomposing brominated flame retardants is capable of reacting with metal oxides to form metal 
oxybromides and ultimately, volatile metal bromides each of which may enhance char in PA66 via 
respective Lewis-acidic behaviour and which are readily capable of accepting electron pairs from 
oxygen and/or nitrogen containing functional groups, thereby increasing their chemical lability 
and thus making cross-linking more probable, as illustrated in Figure 8.6 below.  In addition, there 
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is some literature evidence that hydrogen halides can catalyse the degradation of PA66 via chain 
scission, accelerating the known degradation mechanism via Bronsted-Lowry acidic action, 
protonating the carbonyl oxygen, as shown below in Figure 8.7.[7]  
 
 
Figure 8.6: Coordination of amide, primary and secondary amines to metal dibromides as 
exemplars of Lewis-acidic activity. This figure is by no means an exclusive example.   
 
 
Figure 8.7: Catalysis of amide bond fragmentation by hydrogen chloride.[7] 
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Chapter 9: Determination of the Mechanism of Action of Three Flame Retardant Candidate 
Compounds with Phosphorus- and Bromine-containing Flame Retardants in PA66 
 
9.1: Introduction 
Following the studies undertaken investigating a range of the most promising flame retardant 
candidate (FRC) compounds produced in this project (Chapter 6) with both phosphorus (Chapter 
7) and bromine (Chapter 8) containing flame retardants, it was decided to conduct a study using a 
range of methods to better understand the chemistry involved with respect to the mechanisms of 
action of the produced flame retardant candidate compounds with the conventional flame 
retardants studied. A range of methods can be used to achieve this kind of analysis, including 
TGA/DTA coupled with Fourier-transform infra-red analysis of the exhaust gases (TGA-FTIR) and 
pyrolysis with gas-chromatograph mass spectrometry analysis (Pyr-GCMS) of the volatiles 
produced to analyse vapour-phase activity and FTIR, scanning electron microscopy (SEM) and XRF 
can be used to analyse solid residues, for example, chars.  
 
For this study, TGA-FTIR under both air and nitrogen was used to determine the effect of the 
included flame retardants on the degradation products of PA66, combined with FTIR analysis of 
cone chars produced from compounds of the same or similar composition. A range of samples 
were tested, comprising three of the best performing flame retardant candidates (AlW, ZnW and 
SnW) in combination with two bromine (BrPS and BrPBz) and two phosphorus (AlPi and AlPi/MPP) 
containing flame retardants previously studied and respective controls, for a total of sixteen 
samples. 
 
9.2: Experimental 
9.2.1: TGA-FTIR Samples 
The samples for TGA-FTIR analysis were polymer chips used as prepared from the twin-screw 
extruder (Chapter 3), drawn from the respective matrices in Chapter 6 (flame retardant candidate 
controls), Chapter 7 (Matrix P1, AlPi and AlPi/MPP controls and combined flame retardant 
candidate/phosphorus samples) and Chapter 8 (Matrix Br1, BrPS and BrPBz controls and 
combined flame retardant candidate/bromine samples). AlW and SnW were tested with 
phosphorus and SnW and ZnW were tested with bromine due to the antagonisms observed in the 
previous two chapters. The composition of the samples analysed by TGA-FTIR is collated below in 
Table 9.1 for convenience, and were drawn from Chapter 6, Matrix P1 and Matrix Br1.  
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Table 9.1: Composition of samples used for mechanistic TGA-FTIR analysis, all figures are 
expressed as wt% of total. 
Sample PA66 FRC AlPi AlPi/MPP BrPS BrPBz 
Control 100.0      
AlW 95.0 5.0     
ZnW 95.0 5.0     
SnW 95.0 5.0     
AlPi 92.5  7.5    
AlPi/MPP 90.0   10.0   
BrPS 90.0    10.0  
BrPBz 90.0     10.0 
AlW/AlPi 87.5 5.0 7.5    
AlW/AlPi/MPP 85.0 5.0  10.0   
SnW/AlPi 87.5 5.0 7.5    
SnW/AlPi/MPP 85.0 5.0  10.0   
SnW/BrPS 85.0 5.0   10.0  
SnW/BrPBz 85.0 5.0    10.0 
ZnW/BrPS 85.0 5.0   10.0  
ZnW/BrPBz 85.0 5.0    10.0 
 
9.2.2: TGA-FTIR Analysis 
TGA-FTIR analysis was performed as described in Chapter 3, using 10-12 mg of polymer chips as 
outlined in Table 9.1. Experiments were performed under both air and nitrogen (100 ml/min flow 
rate), with maximum ramp temperatures of 750 and 650 oC respectively (heating rate 20 oC/min). 
An isothermal starting stage was incorporated before the ramping stage whereby the system was 
equilibrated at 100 oC for 5 minutes, allowing for thorough drying of the sample, equilibration of 
the atmosphere in the TGA/DTA furnace and for the FTIR background to be collected. FTIR data 
acquisition was started when the TGA/DTA ramp began. When performing experiments under 
nitrogen, the system was flushed with air and heated to 900 oC at the end of each day to remove 
the carbonaceous residue that builds up in the furnace under non-oxidising conditions. There is a 
delay between TGA/DTA data and FTIR data of approximately 45 seconds due to the gas transit 
time from the exhaust of the TGA to the FTIR cell.  
 
The FTIR spectra were analysed for several key species known to be produced during the 
degradation of PA66: ammonia (NH3), cyclopentanone (C5H8O, CyP) and carbon dioxide (CO2). 
Other species known to be produced, including carbon monoxide (CO), were not detected, nor 
were hydrogen bromide (HBr), the active species in brominated flame retardants (HBr or metal 
bromines) or hydrogen cyanide (HCN). Full mechanistic detail of the production of CO2, NH3 and 
CyP, and their importance to the degradation of PA66 is detailed in Section 2.4. It is plausible the 
lack of detection of HBr stems from the tendency of this compound, and similar metal bromides, 
to react with metals, i.e. the transfer line, especially at the high temperatures employed to 
prevent the coalescence or condensation of the gases products into the liquid state. Three key 
wavenumber values were selected for the detected degradation products to prevent overlap of 
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spectra during analysis, for example the CyP carbonyl stretch band (≈ 1750 cm-1) was not used as 
this lies within the broad ammonia rotational spectrum, as shown in the reference spectra in 
Figures 9.1 to 9.3: 
 CO2:  2357 cm
-1 Asymmetric stretch 
 NH3: 968 cm 
-1 Deepest P-branch rotational band  
 CyP: 2933 cm-1  C-H stretch 
 
 
Figure 9.1: FTIR spectrum of carbon dioxide (CO2). Source: NIST, USA. 
 
 
Figure 9.2: FTIR spectrum of ammonia (NH3). Source: NIST, USA. 
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Figure 9.3: FTIR spectrum of cyclopentanone (CyP, C4H8CO). Source: NIST, USA. 
 
The intensity of each of the key peaks was plotted over time, and adjusted to account for 
TGA/DTA sample size by dividing each data point by the TGA/DTA sample mass. Additionally, the 
carbon dioxide profiles acquired under nitrogen and all three profiles under air were corrected for 
atmospheric interference by the addition or subtraction of the lowest value to give a zero 
baseline. This is shown below in Figure 9.4. The amount of CyP, NH3 and CO2 produced can be 
calculated by summing all the FTIR intensity data points. Full graphical detail of all samples is 
presented in Appendix 7.  
 
 
Figure 9.4: Example TGA-FTIR (PA66 under air) emission of CO2 with baseline correction. All data 
points are divided by the TGA sample mass to account for variability from this factor. 
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9.2.3: FTIR and XRF Char Analysis 
The cone calorimetry-exposed samples from Chapters 7 (Matrix P1, as per Table 9.1) and 8 
(Matrix Br2) which produced an appreciable amount of char were retained for further analysis. 
The brominated samples differ in concentrations. FTIR analysis of these chars was performed as 
per the flame retardant candidate compound powders as outlined in Chapter 3, using a small 
amount of the produced char on the ATR prism surface. Spectra were recorded from 4000 to 600 
cm-1. X-Ray Fluorescence studies were also carried out using the same method as for the flame 
retardant candidate powders as described in Chapter 3, using facilities kindly provided by William 
Blythe Ltd. The FTIR spectra are included in Appendix 7.  
 
9.3: TGA-FTIR Results and Discussion 
9.3.1 General Observations 
The TGA-FTIR analysis of the 16 samples outlined in Table 9.1 produced a vast amount of data to 
be interpreted and as such, the analysis is divided into a number of logical categories to ease 
comparison. The primary focus of the analysis is the effect of the inclusion of the flame retardant 
candidates, phosphorus and brominated flame retardants on the degradation products of PA66 
relative to pure control sample. From this, and the known degradation mechanism of PA66, 
plausible effects on the degradation chemistry of the polymer by the flame retardants can be 
inferred. The collated data from the TGA-FTIR under air and nitrogen analysis is presented below 
in Tables 9.2 and 9.3 respectively. Note that some of the observed TGA/DTA results are different 
from those presented in Chapters 6 to 8 due to the different flow characteristics of the TGA/DTA 
system. Tpeak is the highest noted emission intensity for each given species, and the area under 
each curve, approximating the total amount of each species produced, was calculated by 
summing together of all the data points. 
 
It should be noted that while every effort was taken to account for sample size and other 
potential variables with respect to the amount of CO2, NH3 and CyP produced in both Tables 9.2 
and 9.3, some variability in these results may occur and as such up to a 20% margin of error 
should be taken into account, though the magnitude of this error is dependent upon the species 
analysed as previous work in our research group has demonstrated.[1] Subsequent equipment 
failures have prevented the repeating of samples for error measurement in this work, 
unfortunately. An example of this is shown below in Figure 9.8.  
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Table 9.2: Summary of the TGA-FTIR experiments performed under nitrogen.  
Sample TGA/DTA FTIR (CO2) FTIR (NH3) FTIR (CyP) 
- T5% DTG 500 580 Tpeak Area Tpeak Area Tpeak Area 
Control 406 461 2.4 1.9 18.52 134 19.21 24.9 19.21 35.7 
AlW 371 450 7.6 7.1 17.15 177 17.83 29.5 19.21 51.2 
ZnW 375 432 3.6 3.2 17.83 123 17.83 30.9 19.21 47.9 
SnW 368 427 7.6 7.2 17.83 174 17.83 50.5 18.52 66.9 
AlPi 382 428 1.9 1.5 17.83 147 17.83 62.7 18.52 74.9 
AlPi/MPP 367 436 3.9 3.3 17.83 140 17.83 53.9 19.21 66.7 
BrPS 403 435 3.1 2.7 17.15 44 17.83 25.1 17.83 44.4 
BrPBz 392 438 3.7 2.0 18.52 84 18.52 39.3 18.52 90.7 
AlW/AlPi 370 407 8.5 7.3 17.15 160 17.15 66.4 19.21 77.3 
AlW/AlPi/MPP 368 410 11.6 10.4 17.15 176 17.83 64.1 17.83 62.3 
SnW/AlPi 372 404 7.4 6.9 17.15 139 17.15 57.2 17.83 75.1 
SnW/AlPi/MPP 355 409 11.8 11.1 16.46 100 16.46 38.1 17.15 27.1 
SnW/BrPS 366 428 12.9 11.9 17.15 141 17.83 55.7 17.83 53.4 
SnW/BrPBz 357 417 12.9 11.9 17.15 98 17.15 59.0 17.15 56.8 
ZnW/BrPS 377 431 9.8 9.0 17.83 123 17.83 43.6 17.83 19.7 
ZnW/BrPBz 364 405 19.7 17.9 16.46 67 17.15 31.9 17.15 10.0 
T5% is the temperature to 5% mass loss, DTG is the temperature (
oC) of peak mass loss 
rate, and 500 and 580 are the mass residues (in wt%) at those temperatures 
respectively. Tpeak is the time to peak emission in FTIR (min) and Area is the summed 
totals of data points (arbitrary units), approximating the amount of each species 
produced. NB: FTIR sampling was approximately every 45 seconds. 
 
As can be seen from the results in Table 9.2 above, a number of trends can be drawn from the 
collated results. Firstly, as illustrated below in Figures 9.5 and 9.6, lower TGA/DTA temperatures 
to onset (T5%) and peak rate of degradation (DTG) correspond to lower times to peak evolution of 
CO2 and NH3, whereas no such trend can be drawn for the cyclopentanone (CyP) evolutions. 
Secondly, for the majority of samples, evolution of CO2 and NH3 is detected before that of CyP, 
suggesting that a degree of chain degradation (CO2 evolution) and cross-linking of PA66 (NH3 
evolution) occur before the evolution of the primary flammable volatile from PA66, CyP.  
 
A number of conclusions can be drawn from the amounts of CO2, NH3 and CyP produced from the 
degradation of PA66, to which the Area values in Table 9.2 pertain. An in-depth review of the 
degradation of the model polymer has been presented in Chapter 2, but the key points are 
summarised here for convenience. Increased CO2 production corresponds to PA66 chain scission 
and the evolution of carbonyl-containing moieties. Increased NH3 evolution represents the 
condensation of amine and/or amide functionalities forming cross-links between polymer chains, 
and as such an increase in this value is favourable, although for samples containing AlPi/MPP, this 
value may be increased abnormally due to the evolution of NH3 from the melamine component of 
this flame retardant, as outlined in Chapter 7. Increased CyP production is unfavourable, as this 
species represents the primary flammable volatile produced from PA66 degradation, and as such, 
a reduction in this value potentially represents a reduction in the flammability of the polymer.  
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Figure 9.5: Correlation of times to peak CO2 and NH3 emission under nitrogen with temperature 
to TGA 5% mass loss. 
 
 
Figure 9.6: Correlation of times to peak CO2 and NH3 emission under nitrogen with temperature 
to TGA peak mass loss rate 
 
The TGA-FTIR results under nitrogen were acquired first, and later the results under air. The FTIR 
resolution for the later air experiments was improved by reducing the sampling time from 
approximately 45 seconds to approximately 15 seconds.  
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Table 9.3: Summary of the TGA-FTIR experiments performed under air.   
Sample TGA/DTA FTIR (CO2) FTIR (NH3) FTIR (CyP) 
- T5% DTG1 DTG2 500 580 Tpeak1 Tpeak2 Area Tpeak Area Tpeak Area 
Control 337 458 551 8.8 1.4 19.33 23.73 139 19.07 11.3 19.33 9.0 
AlW 347 449 557 16.7 6.2 21.92 24.51 331 19.59 19.0 20.11 10.3 
ZnW 343 447 550 13.2 4.4 19.33 24.25 147 18.56 13.1 19.33 10.0 
SnW 353 421 559 16.1 5.1 20.11 23.99 145 17.26 17.5 19.59 11.3 
AlPi 354 436 566 10.9 5.2 17.78 24.25 145 17.78 11.3 19.07 13.9 
AlPi/MPP 335 448 573 14.4 7.7 20.63 24.51 185 18.04 18.8 19.59 17.0 
BrPS 382 427 534 9.4 0.0 18.04 22.70 105 17.78 14.3 17.78 11.2 
BrPBz 353 399 537 9.8 0.0 17.26 22.70 107 16.49 11.0 16.49 12.9 
AlW/AlPi 348 405 564 17.9 12.0 16.74 25.03 265 17.00 48.2 19.59 32.6 
AlW/AlPi/MPP 341 398 562 27.3 21.1 20.11 24.51 127 16.23 14.3 19.33 12.8 
SnW/AlPi 335 397 590 19.5 14.6 20.11 26.32 139 16.23 15.8 19.59 13.8 
SnW/AlPi/MPP 330 406 560 20.9 11.6 20.37 23.99 127 16.49 16.3 19.59 16.1 
SnW/BrPS 350 420 542 16.4 6.4 19.07 25.80 147 17.52 13.7 17.52 12.1 
SnW/BrPBz 344 407 529 19.9 11.7 18.56 26.06 152 15.97 22.7 16.23 13.6 
ZnW/BrPS 349 427 543 18.6 9.5 19.59 25.54 148 17.78 14.5 18.04 11.9 
ZnW/BrPBz 340 400 616 24.3 19.3 23.99 29.69 265 1.22 19.6 20.89 6.9 
Key: T5% is the temperature to 5% mass loss, DTG is the temperature (
oC) of peak mass loss rate, and 
500 and 580 are the mass residues (in wt%) at those temperatures respectively. Tpeak is the time to 
peak emission in FTIR (min) and Area is the summed totals of data points (arbitrary units), 
approximating the amount of each species produced. There are two DTG and Tpeak values here, the 
first representing the primary degradation of PA66, the second representing oxidation of char. NB: 
FTIR sampling was reduced from Table 9.2 to 15 seconds for better resolution. Sample highlighted 
red did not display a notable peak.  
 
As can be seen from TGA-FTIR results under air in Table 9.3 above, a number of trends can be 
drawn, along with some similarities, but also a large number of differences from the results under 
nitrogen presented in Table 9.2. Primarily, the differences stem from the probably oxidation of 
NH3 and CyP above 500 
oC into N2 and CO2 and H2O, as outlined in Equations 9.1 and 9.2 
respectively. The TGA degradation profile of PA66 under air is significantly different from that 
under nitrogen, as illustrated below in Figure 9.7.  These processes readily occur at the high 
temperatures and high excesses of atmospheric oxygen present in the furnace of the TGA 
analyser. The CO2 release DTG response doublet is shown below in Figure 9.8 and represents  a 
secondary oxidation step occurs after the primary degradation defined by both the two peak mass 
loss rates (DTG1 and DTG2)  and two Tpeak values for CO2 evolution in Table 9.3. No discernable 
peak is observed for the ammonia emission of the ZnW/BrPBz combination, reflected by the red 
highlighted value in the table above. The mechanistic implications of this observation are 
discussed below in Section 9.3.8. 
 
2NH3 +1.5O2  N2 + 3H2O  (9.1) 
C5H8O + 6.5O2  5CO2 + 4H2O  (9.2) 
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Figure 9.7: Comparison of pure PA66 degradation under air (green) and nitrogen (blue). Note the 
secondary decomposition step under air, corresponding to oxidation of char. 
 
 
Figure 9.8: Comparison of the evolution of CO2 in PA66 with mass loss rate (DTG) and 
thermogravimetry curve. The TGA start point is 100 oC, and there is approx 1 minute delay 
between this and the FTIR signal. 
 
The trends observed between FTIR times to peak evolution, TGA/DTA onset temperatures (T5%) 
and mass loss rates under nitrogen are not observed for all of the sample metrics under air. This 
phenomenon could be an artefact due to the oxidation of NH3 and CyP as described above. Two 
trends or patterns, however, may be observed between the times to peak mass loss rate (DTG1 
and DTG2) and the times to peak evolution rate of carbon dioxide, as illustrated below in Figure 
9.9.  
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Figure 9.9: Correlation between times to peak mass loss rates (DTG1 and DTG2) and times to peak 
evolution of CO2 in FTIR analysis. The blue plot represents the main degradation accompanied by 
loss of NH3 and CyP, and the red plots represent CO2 evolution due to char oxidation.  
 
Another parallel between the results under air and nitrogen can be drawn from the tendency of 
NH3 to be released before CyP, again indicating that even under oxidising conditions, cross-linking 
occurs in PA66 before the evolution of the primary flammable volatile. The evolution of NH3 is 
accelerated by the presence of all of the flame retardant candidate and brominated and 
phosphorus flame retardant combinations, especially for the brominated samples, suggesting that 
protonation of free amine functionalities in decomposing PA66 by Bronsted acidic groups helps to 
eliminate ammonia and thus cross-link the polymer more readily, leading to greater char 
formation. This would also be suggested by the increased amount of ammonia produced by these 
samples, and corresponds to the cross-linking behaviour outlined in Section 2.4. Further plausible 
mechanisms by which acid-containing flame retardants can promote char is given in Sections 7.4 
and 8.4. 
 
For many of the TGA-FTIR samples tested, under both air and nitrogen, an increase in CyP 
production is observed with one notable exception, the ZnW/BrPBz formulation, which displays a 
significant decrease in the amount of CyP produced to only 6.9 area units in Table 9.3. It is also 
worthy of note that this corresponds to the best performing flame retardant 
candidate/brominated flame retardant combination encountered in Matrix Br1.  
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9.3.2 Effect of the selected Tungstates, Phosphorus and Bromine Flame Retardants on the 
Degradation of PA66 under Air and Nitrogen 
From the summarised data in Tables 9.2 and 9.3 above, the amount of CO2, NH3 and CyP emitted 
by a given sample can be normalised to that produced by the PA66 control to make for more 
ready comparison of data. These values are presented in Table 9.4 below. This allows for a more 
direct comparison of the amount of each gas produced under air or nitrogen.  
 
Table 9.4: Summary of the relative amounts of CO2, NH3 and CyP emitted from the flame retarded 
PA66 composites, normalised for each species to the amount produced by pure PA66 under the 
same conditions 
Sample CO2 (Air) CO2 (N2) NH3 (Air) NH3 (N2) CyP (Air) CyP (N2) 
Control 1.00 1.00 1.00 1.00 1.00 1.00 
AlW 2.38 1.32 1.68 1.18 1.14 1.43 
ZnW 1.06 0.92 1.16 1.24 1.11 1.34 
SnW 1.04 1.30 1.55 2.03 1.26 1.87 
AlPi 1.04 1.10 1.00 2.52 1.54 2.10 
AlPi/MPP 1.33 1.04 1.66 2.16 1.89 1.87 
BrPS 0.76 0.33 1.27 1.01 1.24 1.24 
BrPBz 0.77 0.63 0.97 1.58 1.43 2.54 
AlW/AlPi 1.91 1.19 4.27 2.67 3.62 2.17 
AlW/AlPi/MPP 0.91 1.31 1.27 2.57 1.42 1.75 
SnW/AlPi 1.00 1.04 1.40 2.30 1.53 2.10 
SnW/AlPi/MPP 0.91 0.75 1.44 1.53 1.79 0.76 
SnW/BrPS 1.06 1.05 1.21 2.24 1.34 1.50 
SnW/BrPBz 1.09 0.73 2.01 2.37 1.51 1.59 
ZnW/BrPS 1.06 0.92 1.28 1.75 1.32 0.55 
ZnW/BrPBz 1.91 0.50 1.73 1.28 0.77 0.28 
 
For ease of comparison, the flame retardant candidates, phosphorus and bromine combinations 
are grouped together for clarity and more convenient comparison of the results. The effect of the 
controls and combined sample are discussed below. Full details of the TGA/DTA curves and FTIR 
intensity graphs for the three species produced from each experiment are displayed in Appendix 
7, with key data highlighted in the discussions where appropriate. 
 
As outlined above, the effect of the flame retardants on each species evolved has a differing 
effect on the flammability of PA66. Increased CO2 production is associated with chain scission 
(under nitrogen) and as such is undesirable. This value under air is naturally higher than under 
nitrogen for most samples due to the oxidation of carbon-containing pyrolysis compounds and 
char at high temperatures. Increased NH3 production, while associated with degradation, is 
desirable as this is an indicator of cross-linking between chains, a factor preceding useful char 
promotion. Similar to CO2 evolution, CyP production is unfavourable, as this species represents 
the primary flammable volatile produced during the degradation of PA66.  
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9.3.3 Effect of the Selected Al, Sn and Zn Tungstates Alone 
 
  
a      b 
Figures 9.10a and 9.10b: Relative amounts of CO2, NH3 and CyP produced by AlW, SnW and ZnW 
in PA66 at 5 wt% in TGA-FTIR analysis under air (a) and nitrogen (b). All values are normalised to 
the control (PA66 = 1).  
 
Aluminium tungstate (AlW) increases the CO2 production of PA66 under air by a significant 
margin, along with an increase in NH3 production while CyP production is little affected The 
results under nitrogen are affected to a far lesser degree. This would suggest some level of 
alteration of the degradation pathways of PA66 under air, corresponding to significant cross-
linking of the polymer. This effect coincides with the observed increase in char promotion and 
improved performance seen during UL94 testing of this control sample.  
 
Tin (II) tungstate (SnW) increases NH3 and CyP production markedly under air, and significantly for 
both species under nitrogen. As with AlW, the behaviour under air would explain a degree of the 
char-promoting behaviour as observed during the UL94 and LOI testing of samples containing this 
compound. This also corresponds to increased residue at 580 oC as measured by TGA/DTA analysis 
under air. 
 
Zinc tungstate (ZnW) has the least effect on the degradation of PA66 of all the flame retardant 
candidates tested. A slight increase in NH3 and CyP is observed under nitrogen with negligible 
effect observed under air. This would suggest that the previously observed behaviour of this 
compound (see Chapter 8) is a result of synergistic action with the added flame retardant present 
rather than direct interaction with the polymer as is suggested for AlW and SnW.  
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9.3.4 Effect of the Phosphorus and Brominated Flame Retardant Controls 
 
  
a      b 
Figures 9.11a and 9.11b: Relative amounts of CO2, NH3 and CyP produced by AlPi, AlPi/MPP, BrPS 
and PrPBz in PA66 at 7.5 or 10 wt% in TGA-FTIR analysis under air (a) and nitrogen (b). All values 
are normalised to the control (PA66 = 1). NB: The results peaking at 2.5 just top this level, 
registering 2.54 and 2.52 respectively  
 
As can be seen from the figures above, the two brominated flame retardants, BrPS and BrPBz 
have a lesser overall effect on the degradation of PA66 than their phosphorus-based 
contemporaries, AlPi and AlPi/MPP.  
 
Under air, BrPS and BrPBz both reduce CO2 output marginally, although this could stem from 
inhibition of the oxidation of CO to CO2, while BrPS increases NH3 production marginally and both 
increase CyP production marginally. Under nitrogen similar effects on CO2 production are 
observed, albeit more pronounced, while NH3 production is increase by BrPBz, and not BrPS. CyP 
production is little affected by BrPS, but significantly increased by BrPBz, again, suggesting a 
significant alteration of the degradation chemistry of PA66. It should be noted that under both air 
and nitrogen atmospheres in TGA/DTA, no HBr or CO was detected, as illustrated by the exemplar 
spectrum Appendix 7 the former negative observation possibly due to reactions with the heated 
metal gas line, which is made from stainless steel.  
 
Under air, both phosphorus flame retardants, AlPi and AlPi/MPP produce a marked to significant 
increase in all of the gases analysed, with higher levels of CO2, NH3 and CyP produced by the 
latter. Of the gases analysed, CO2 production is least effected. The increased NH3 production of 
this compound, as mentioned above and outlined in the conclusions of Chapter 7 could be 
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ascribed to the degradation of melamine. CyP production by both compounds is also increased, 
with AlPi/MPP promoting more. As observed with the brominated flame retardants, the trends 
observed under air are reversed under nitrogen. CO2 production is little affected, while both AlPi 
and AlPi/MPP greatly increase NH3 and CyP production, suggesting significant modification of the 
PA66 degradation pathway, while promoting a far higher degree of cross-linking. This would 
provide an explanation for the char promotion observed during the testing of these samples in 
Chapter 7.  
 
9.3.5: Effect of each FRC and Phosphorus or Brominated Flame Retardant Combinations 
Effect of AlW and Phosphorus Flame Retardants 
 
  
a      b 
Figures 9.12a and 9.12b: Amounts of CO2, NH3 and CyP produced by AlW in combination with AlPi 
and AlPi/MPP in PA66 in TGA-FTIR analysis under air (a) and nitrogen (b). All values are 
normalised to the control (PA66 = 1).  
 
As can be seen from the figures above, AlW/AlPi has a significant effect on the degradation of 
PA66 under air, marked by a doubling of CO2 production, fourfold increase in NH3 production and 
a near-fourfold increase in CyP production. Such observations would suggest significant cross-
linking of PA66 under air and alteration of the PA66 degradation mechanism, although these, 
especially the observed increased CyP value, could be erroneous results due to the significant 
increase in all three analytes compared to their respective controls. Little change is observed 
between the respective controls and AlW/AlPi/MPP aside from a slight reduction in CO2 
production under air. Under nitrogen, results comparable to the controls are observed, with both 
combined samples displaying increased NH3 and CyP production, suggesting under the inert 
atmosphere the promotion of cross-links between polymer chains.  
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The significantly altered degradation results of AlW/AlPi in PA66 coincide with the improved fire 
performance seen in Chapter 7, and as such can possibly be explained by a number of flame 
retardant mechanisms: firstly cross-linking promoted by AlW and acidic species produced from 
AlPi in the condensed phase; and secondly the known vapour-phase action of the volatile 
diethylphosphinic acid produced by AlPi.[2] In similar work involving TGA-FTIR conducted by 
Schartel et al,[2] the increase in CO2 production observed above is recorded, although the 
referenced work demonstrates a reduction in CyP production, whereas an increase in production 
of this compound is observed above.[2] The referenced work, however, utilised PA66 combined 
with approx. 34 wt% glass fibres, as opposed to virgin PA66 and in this work and NH3 
concentrations are not analysed. Thus, the effects observed for AlW/AlPi could be attributed to a 
number of factors, including condensed and/or vapour phase phenomena and possibly 
experimental error. 
 
Effect of SnW and Phosphorus Flame Retardants 
 
  
a      b 
Figures 9.13a and 9.13b: Amounts of CO2, NH3 and CyP produced by SnW in combination with AlPi 
and AlPi/MPP in PA66 in TGA-FTIR analysis under air (a) and nitrogen (b). All values are 
normalised to the control (PA66 = 1).  
 
As can be seen from the results presented above, the SnW/AlPi and SnW/AlPi/MPP combinations 
have a far less variable or significant effect on the degradation products of PA66 than those 
samples containing AlW. The observed values under air for both samples correspond closely to 
those observed for their respective phosphorus flame retardant controls, differing only for 
SnW/AlPi/MPP by a slight reduction in CO2 production. Under nitrogen, however, similar results 
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are observed for SnW/AlPi, but SnW/AlPi/MPP produces less CO2 and significantly less CyP. This 
corresponds with the favourable behaviour observed between the latter two flame retardants in 
Chapter 7, where increased LOI and UL94 performances were observed, combined with a 
tendency to form a protective char over the degrading polymer, which could account for the 
observed fire testing behaviour outlined in Table 7.6.  
 
Effect of SnW and Brominated Flame Retardants 
 
  
a       b 
Figures 9.14a and 9.14b: Amounts of CO2, NH3 and CyP produced by SnW in combination with 
BrPS and BrPBz in PA66 in TGA-FTIR analysis under air (a) and nitrogen (b). All values are 
normalised to the control (PA66 = 1).  
 
As can be seen from the results above, incorporating SnW in addition to BrPS or BrPBz generates 
only minor changes with respect to the controls for results under air. An increase in NH3 
production is noted for SnW/BrPBz, suggesting a greater degree of cross-link formation relative to 
the controls. Under nitrogen, however, a range of deviations from the controls are observed. For 
both SnW/BrPS and SnW/BrPBz, a large increase in NH3 formation is seen, combined with a 
reduction in CyP and CO2 formation relative to the controls. From these observations, it can likely 
be concluded that the mode of action of these flame retardant combinations are primarily 
vapour-phase in nature, likely combined with a degree of condensed-phase Lewis-acidic 
behaviour as outlined in the conclusions of Chapter 8. It should be noted that no HBr, SnBr2, SnBr4 
or CO were detected, as shown from the exemplar graph for PA66/BrPBz in Appendix 7. It is 
plausible that for the first three species that reaction of these species with the heated steel gas 
line could prevent detection.  
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Effect of ZnW and Brominated Flame Retardants 
 
  
a       b 
Figures 9.15a and 9.15b: Amounts of CO2, NH3 and CyP produced by ZnW in combination with 
BrPS and BrPBz in PA66 in TGA-FTIR analysis under air (a) and nitrogen (b). All values are 
normalised to the control (PA66 = 1).  
 
As observed from the results above, the inclusion of ZnW with BrPBz significantly alters the 
degradation products of PA66 under both air and nitrogen, coinciding with the improved fire 
performance in Section 8.3. Under air, this sample, while providing an increase in CO2 emission, 
reduces CyP emission to the lowest level of all samples heated under flowing air, while increasing 
NH3 formation indicates promotion of cross-linking. ZnW/BrPS is little different from the 
respective single agent formulations, generating levels of the three analysed gases similar to 
these control samples. Under nitrogen, both combined samples reduce CyP formation and 
increase NH3 production, with the greater reduction in the primary flammable volatile again being 
generated by the BrPBz-containing mixed sample. The high level of CO2 formed from ZnW/BrPBz 
under air could stem from the oxidation of the char formed by this combination. From these 
results it can be concluded that, in addition to the vapour-phase activity normally associated with 
brominated flame retardants, further condensed-phase processes must be occurring from the 
significant changes in degradation products of PA66 observed. This could derive from Lewis-acidic 
activity of metal bromide or oxybromides altering the formation of CyP and/or promoting the 
formation of NH3. The figures presented below further illustrate the significant effect that the 
particular combination  ZnW/BrPBz has on the degradation of PA66.  
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Further insight into the mechanism operating in this formulation may be gained by comparing the 
complete respective gas/volatile versus temperature evolution curves underpinning the bar 
charts in Figures 9.15 a and b above. These are presented below in Figures 9.15c to h. 
 
   
c (CO2/nitrogen)   d (NH3/nitrogen) 
   
 e (CyP/nitrogen)    f (CO2/air)  
  
g (NH3/air)    h (CyP/air) 
Figures 9.15c to h: Plots of the intensity of CO2, NH3 and CyP evolution for ZnW formulations 
with/without BrPS and BrPBz as measured by FTIR with TGA temperature under nitrogen and air 
are collated below in respectively. Left to right, CO2 (c, f), NH3 (d, g), CyP (e, h), top: nitrogen (c to 
e), bottom: air (f to h). Note that the temperatures here do not account for the approx. 45 second 
delay in FTIR signal. All X axes are in temperature (oC).  
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Figures 9.15c to 9.15h emphasise the alterations to the degradation of PA66 by the combination 
of ZnW and BrPBz under both air and nitrogen. CO2 formation is lowered under flowing nitrogen, 
suggesting less chain scission, but significantly has increased under flowing air, with a high rate of 
evolution especially at high temperatures, which could correspond to the oxidation of char. A 
comparison of this behaviour between ZnW/BrPBz and ZnW/BrPS is shown below in Figure 9.15i. 
 
 
Figure 9.15i: Intensity of CO2 production of ZnW/BrPS and ZnW/BrPBz under air. 
 
Under flowing nitrogen, the production of ammonia displays an earlier peak rate of evolution for 
the ZnW/BrPBz combination, whereas under flowing air, no discernable peak can be detected, as 
illustrated by Figure 9.15j below, where the evolutions of NH3 from ZnW/BrPS and ZnW/BrPBz 
under flowing air are compared. This could suggest that for ZnW/BrPBz, the nitrogen content of 
PA66 from degradation under flowing air is either being retained in the condensed-phase as char 
or being evolved as elemental nitrogen (N2) by oxidation, with either possibility representing 
significant alteration of the PA66 degradation mechanism by the FR combination present.  
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Figure 9.15j: Intensity of NH3 production of ZnW/BrPS and ZnW/BrPBz under air. 
 
Under both flowing air and nitrogen, the ZnW/BrPBz combination produces far less CyP than its 
respective controls under the same conditions. Under flowing nitrogen, the peak rate of CyP 
production is earlier than the PA66 control but only about 60% as intense, whereas under flowing 
air, the peak rate of CyP production occurs at a higher temperature and the peak is significantly 
broader and flatter than the other samples tested. Combined with above observations of NH3 
production, these results again suggest that ZnW/BrPBz significantly alters the degradation of 
PA66 in a way favourable to the reduction of flammability. A comparison of this behaviour with 
ZnW/BrPS is provided below in Figure 9.15k. 
 
 
Figure 9.15k: Intensity of CyP production of ZnW/BrPS and ZnW/BrPBz under air. 
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9.4 Cone Calorimetric Char Analysis 
In addition to the TGA-FTIR analysis carried out as described above, char analysis of retained cone 
calorimetric residues was also undertaken using FTIR and XRF to allow for determination of the 
organic and inorganic components present. Several of the compositions tested by cone 
calorimetry left no residue at all, namely the PA66, BrPS and BrPBz controls and as such, these 
could not be analysed. Residues for such samples could be collected for further work from 
isothermal TGA/DTA residues at appropriate temperatures. The collated spectra are presented in 
Appendix 7.  
 
9.4.1 FTIR Analysis 
A number of observations regarding possible chemical structure can be drawn from the FTIR 
analysis of the produced cone chars. The samples tested can be clearly grouped depending upon 
the element of the primary flame retardant used; phosphorus (AlPi or AlPi/MPP) and bromine 
(BrPS and BrPBz). The possible IR frequency assignments for moieties which may present in the 
chars analysed are outlined below in Table 9.5 in order of descending wavenumbers. 
 
Table 9.5: Common absorption bands in FTIR analysis and corresponding chemical functionalities. 
IR Band (cm-1) Corresponding Moiety 
3400 (broad) O-H 
2940 and 2850 Aromatic C-H 
1600 (broad) Aromatic ring flex 
1600 to 1450 Aromatic C-C 
1240 to 1050 C-N 
1130 P=O 
940 to 720 C=C(-H)-C 
 
AlW in combination with AlPi or AlPi/MPP produces peaks corresponding to phenyl ring flexing, 
P=O peaks and alkyenyl hydrogens (C=C(-H)-C) at 1575, 1130 and 920 to 720 cm-1 respectively, 
suggesting the char is primarily aromatic in nature yet contains a degree of phosphoryl 
functionalities. A broad but weak depression at approximately 3400 cm-1 could represent O-H 
functionality either from hydroxyl groups or phosphorus acids. The alkenyl C-H groups (920 to 720 
cm-1), are more pronounced for the AlPi/MPP-containing sample. Similar observations can be 
drawn for the SnW and phosphorus-containing samples, although the SnW/AlPi spectrum 
possesses a very shallow phenyl ring flex peak but a more intense P=O absorption at 1150 cm-1. 
SnW/AlPi/MPP is very similar in character to both AlW-containing spectra. These suggest that 
both AlW (with both P-containing flame retardants) and SnW (especially with AlPi/MPP) promote 
the formation of carbonaceous char in PA66.  
 
SnW in combination with either BrPS or BrPBz produce similar spectra, with notable differences 
from the chars of the phosphorus-containing formulations. Strong absorbances are observed at 
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2940 and 2850 cm-1 which corresponds to aromatic C-H stretches. Aromatic ring-flexing peaks are 
present at 1500-1450 cm-1, although these are far sharper than the broad peaks observed for the 
phosphorus-containing samples. A peak at approximately 1060 cm-1 could represent C-N bond 
stretching, and a range of peaks at less than 800 cm-1 could represent alkyenyl hydrogen (C=C(-H)-
C) functionalities. The observed spectrum for the ZnW/BrPS char is comparable to that of the 
SnW/BrFR sample chars. In significantly contrast to this, however, the ZnW/BrPBz spectrum is 
distinctly different from the other three bromine-containing formulations. A coherent char was 
produced by this sample, and the FTIR spectrum of this is devoid of intense peaks unlike the other 
formulations tested, which may pose a number of possible chemical explanations. Because the 
produced char is highly carbonaceous, it is plausible that the registered flat spectrum with only 
some shallow, broad absorbances suggests that this combination of flame retardants provides the 
best char promotion out of all those tested, eliminating hydrogen-containing moieties (such as 
CH4 or NH3) as volatile species while retaining the carbon as char. 
 
The spectra produced by the AlW, SnW and ZnW control chars contain few intense peaks, with 
only weak shoulder absorbances at 1200 cm-1 and less, possibly corresponding to C-N bonds, 
alkenyl C-H stretches or inorganic interactions. This could suggest limited char promotion by these 
compounds under the intense heat flux conditions of the cone calorimeter, which would correlate 
with the degree of char promoting behaviour observed previously in UL94 and LOI testing and in 
TGA/DTA thermal stability analysis. 
 
While FTIR can detect inorganic components of the chars such as those analysed, direct analysis 
of these components can be difficult. Another appropriate technique for analysis of such solids, x-
ray fluorescence or XRF, can be used to better determine the inorganic contents of chars, and as 
such, this was used to analyse the same chars for inorganic content.  
 
9.4.2 XRF Analysis 
XRF analysis was performed on a range of cone calorimetry chars to determine the metals, P and 
Br content. This technique allows for determination of which elements have been retained in the 
condensed-phase and which lost to the vapour phase. Of the P-containing samples, only 
AlW/AlPi/MPP and SnW/AlPi/MPP compositions were analysed as the AlPi-containing samples 
produced a far less cohesive residue. All Br-containing compositions were tested. Full quantitative 
analysis of the metals, P and Br content of the char samples would require extensive processing to 
achieve (digestion), and as such, XRF analysis was performed on the chars themselves. This yields 
results most conveniently presented as ratios between the key elements, i.e. M:W:Br and M:W:P 
where M = Sn or Zn, as elements lighter than Na are not readily detected. Al could not be 
accurately measured as the chars were held together by aluminium foil. These results can be 
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compared with the theoretical starting composition of the sample to determine which elements 
have been retained in the char, and which lost to the vapour phase. 
 
The theoretical starting ratios between elements in each sample and those measured in the cone 
calorimetry chars are displayed below in Table 9.6. Aluminium is omitted from the results as the 
residues were held in place by aluminium foil, which would contaminate and so skew any attempt 
to analyse the element accurately in the residue alone.  
 
Table 9.6: Summary of the absolute molar ratios between heavy elements in PA66 plaques and 
char samples. All values are expressed as molar ratios between the elements relative to tungsten 
as this is the common element in all samples (W = 1.000).  
Sample P/W Br/W W Sn/Zn 
AlW/AlPi/MPP 3.617 - 1.000 - 
-Char 2.765 - 1.000 - 
SnW/AlPi/MPP 5.000 - 1.000 1.000 
-Char 2.928 - 1.000 0.911 
SnW/BrPS - 7.532 1.000 1.000 
-Char - 0.040 1.000 0.673 
SnW/BrPBz - 6.796 1.000 1.000 
-Char - 0.053 1.000 0.638 
ZnW/BrPS - 7.046 1.000 1.000 
-Char - 0.368 1.000 0.284 
ZnW/BrPBz - 3.842 1.000 1.000 
-Char - 0.210 1.000 0.179 
 
The chars of the phosphorus-containing samples analysed (AlW/AlPi/MPP and SnW/AlPi/MPP) 
indicate that the residues have lost a proportion of their phosphorus content to the vapour phase 
relative to the amount of AlW or SnW retained. This would be expected as AlPi (66.7 wt% of 
AlPi/MPP), readily evolves diethylphosphinic acid, a vapour-phase flame retardant, upon 
degradation. [2] The degree of phosphorus retained, however, could indicate that an amount of 
phosphorus from AlPi is retained in the condensed phase, possibly as respective metal 
phosphates including AlPO4.
[2] The Al retention or loss from the AlW-containing sample could not 
be measured as outlined above, but the SnW-containing sample would appear to lose a small 
proportion of its Sn content, possibly to the vapour phase as SnO (1:1 W:Sn ratio in plaque 
1:0.911 in char). The AlW-containing samples retain more phosphorus in the condensed phase 
relative to tungsten (76.4% remaining) vs. the SnW containing samples (64.3% remaining), 
qualitatively reflected by the observed P=O bond presence in IR analysis of both samples. These 
results suggest that while a degree of P is lost to the vapour phase, as would be expected for 
compositions containing AlPi, [2] much of the metals content of AlW and SnW is retained and 
interacts with the condensed-phase MPP to form charred barriers.  
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For all FRC/BrFR samples compositions tested (SnW/BrPS, SnW/BrPBz, ZnW/BrPS and 
ZnW/BrPBz), loss of bromine to the vapour phase is clearly evident, as shown by a clear change in 
the W:Br molar ratios from between 1:4 and 1:8 in the starting samples to between 3:1 and 25:1. 
Loss of Zn and Sn to the vapour is also observed, evidenced by the change in the M:W molar 
ratios from 1:1 to approximately 1:1.5 for the SnW samples and from 1:3.5 to 1:5.6 for the ZnW 
containing samples. This would suggest that Zn is more readily extracted and volatilised from ZnW 
than Sn is from SnW by BrFRs. The higher Br:W ratios for the ZnW-containing samples would 
suggest that more Br is retained in the condensed phase combination with Zn than with Sn. There 
are a number of possible explanations for this, including the formation of char-promoting metal 
oxyhalides (ZnBr2, Zn2OBr2, etc.) which are retained in the condensed phase. These results suggest 
that the known vapour-phase activity of BrFRs works in conjunction with the volatilisation of Zn 
and to a lesser extent Sn, although for a more complete analysis, such as determining the 
volatilisation of W, further, more quantitative analysis would be required.  
 
9.5: Comparison of Synergistic Effectivity Results 
As part of Chapters 4, 7 and 8, where the interactions of several of the flame retardant candidate 
(FRC) compounds were investigated when impregnated onto cotton and incorporated in PA66 
with several conventional phosphorus and brominated flame retardants respectively, the 
synergistic effectivity (Es) values of all samples containing two components were calculated based 
on two flammability performance parameters (LOI and cone peak heat release rate) to determine 
whether the observed interactions were antagonistic, additive or synergistic in nature. This 
measure was further used to determine whether any TGA-FTIR samples were producing far 
greater or lesser amounts of the three gases analysed. In the case of LOI and PHR-derived Es 
values, the error in the techniques (c.a. 1 and 10% respectively) allows for the use of synergistic 
effectivity to be calculated reasonable to 2 decimal places. For the TGA-FTIR gas evolution, 
however, the up to 20% error in readings means that these figures are only quoted to 1 decimal 
place. The formula for calculation of synergistic effectiveness is repeated below in Equation 9.3 
for convenience. 
 
Es = [XFR+S – Xpoly] / [(XFR – Xpoly) + (XS – Xpoly)]  (9.3) 
 
Es values < 0 indicates antagonism, Es<1 indicate less than additive and possible antagonistic 
behaviour, Es values = 1 indicate additive behaviour and Es values > 1 indicate synergistic 
behaviour. It should be noted due to the nature of the equation used to calculate Es, that certain, 
highly favourable situations can result in negative or even undefined results should the 
denominator total a negative figure or zero respectively, especially if one or both of the 
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constituent components incorporated into the polymer have a negative impact on the metric 
being measured, or if (XFR – Xpoly) = - (XS – Xpoly) or vice versa, in which case Es < 0. This can indicate 
either synergism or antagonism, depending on the sign of the numerator and denominator terms 
of the equation or the result being undefined as a result of division by zero respectively. Similarly, 
if the denominator is a low figure as a result of the one of the terms being negative and the other 
positive within a close range of each other, this can skew the Es value by inflating the output of 
the equation.  
 
9.5.1: Studies on the Burning Rate of Oxalate Impregnated Cotton 
Synergistic effectivity was used to quantify the effect of cotton impregnated with six different 
metal oxalates and ammonium bromide (AB) and diammonium phosphate (DAP) as sources of Br 
and P respectively, as described in Chapter 4. The burning rates and Es results of these 
experiments are reproduced in Table 9.7 below. 
 
Table 9.7:  Effect of metal oxalates with ammonium bromide (AB) and diammonium phosphate 
(DAP) on the burn rate of cotton and derived synergistic effectivity values. 
Compound 
Ox Burn 
Rate 
AB Burn 
Rate 
AB Es 
DAP Burn 
Rate 
DAP Es 
Controls 2.66 2.49 - 3.02 - 
CaOx 2.90 1.59 0.91 2.18 2.19 
MnOx 2.49 2.22 0.74 2.78 0.27 
FeOx 2.46 2.08 0.80 - - 
CuOx 2.73 2.56 0.36 - - 
ZnOx 2.83 2.15 0.77 - - 
SnOx 3.04 2.41 0.60 - - 
Key: All Burn Rates are expressed in mm/s 
 
As can be seen from the results above, none of the AB/oxalate-impregnated samples achieve truly 
additive or synergistic performance in reducing the burn rate of cotton while the CaOx/DAP 
combination registers an Es value of 2.18, probably as a result of the increased burn rate both 
components of this composition impart on the substrate when present alone. It should also be 
noted that the synergistic effectivity does not take into account the amounts of oxalate, AB or 
DAP impregnated onto the cotton, which are difficult to directly control. It is plausible that the 
absolute ratio between these components could be determined by XRF as outlined above, but as 
this work was a starting point for the project, this analysis was not undertaken. 
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9.5.2: Studies on the Flammability of PA66 
The fire performance of the FRCs utilised in the various matrices investigated in Chapter 6 (see 
Table 6.6) is summarised in Table 9.8 below for reference. These are not included in the matrices 
below as each separate matrix contains different controls which would otherwise skew the 
interpretation of the results. 
 
Table 9.8: Summary of the effect of five FRCs on the LOI and cone peak heat release rate when 
incorporated into PA66 at 5 wt%. 
Sample LOI Cone 
 %O2 
PHR 
(kW/m2) 
PA66 22.5 1700 
ZnOx 22.2 993 
FeAl 23.7 894 
AlW 23.0 1149 
ZnW 21.5 1183 
SnW 22.0 949 
 
These results show that ZnOx, ZnW and SnW reduce the LOI slightly with respect to the value for 
pure PA66 thereby yielding negative (XS – Xpoly) values when inserted into equation 9.3 above. The 
concurrent reductions in PHR values, however, will always ensure a positive (XFR – Xpoly) value in 
the denominator. As shown in Figures 6.1a and 6.1b, the presence of each FRC  mostly serves to 
slow down rather than suppresses the combustion of PA66 and although some samples display a 
degree of flame retardancy in their own right, though the minimal changes in total heat release 
coincide with the negligible changes in LOI. 
 
9.5.2.1 Interactions with Phosphorus 
The full details of the samples and fire testing results for the interactions of the FRCs with 
phosphorus-based flame retardants (PFRs) can be found in Chapter 7. The key data is repeated 
below in Tables 9.9 to 9.11, to allow for a more ready comparison of the produced results.  
 
Matrix P1 (the Effect of Selected FRCs in Combination with AlPi and AlPi/MPP Flame Retardants) 
The summarised Es data calculated for LOI and PHR from Matrix P1 is summarised below in Table 
9.9. 
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Table 9.9: Summary of the LOI and cone calorimetry peak heat release rate results from Matrix 
P1, with derived synergistic effectivity values.  
Sample LOI Cone Calorimetry 
 %O2 
Es 
(LOI) 
PHR 
(kW/m2) 
Es 
(PHR) 
PA66 22.5 - 1709 - 
AlPi 28.2 - 1025 - 
AlPi/MPP 28.2 - 666 - 
FeAl/AlPi 26.1 0.52 802 0.72 
FeAl/AlPi/MPP 26.7 0.61 323 1.73 
AlW/AlPi 28.1 0.90 815 0.95 
AlW/AlPi/MPP 25.6 0.50 342 1.95 
SnW/AlPi 28.4 1.13 863 0.67 
SnW/AlPi/MPP 28.8 1.21 442 1.21 
ZnW/AlPi 27.2 1.00 683 1.36 
ZnW/AlPi/MPP 24.9 0.51 300 2.34 
 
It can be seen from the results presented above that only SnW with both AlPi and AlPi/MPP 
produces any appreciable synergistic effect in improving the LOI of PA66 which has been reduced 
by the negative (XS – Xpoly) value (= -0.5 %O2)  as mentioned above from  Table 9.8. Similarly, 
ZnW/AlPi achieves unit synergistic effectivity in this metric, suggesting additive performance, 
again, which may in part because (XS – Xpoly) = -1.0%O2 in Equation 9.3. Despite recording the most 
effective UL-94 performance (consistent V-0, Table 7.6), AlW/AlPi registers an Es value of 0.9, 
suggesting almost additive performance from its two respective components rather than a 
synergistic interaction, as both components individually improve the LOI of PA66 relative to the 
control. All other samples record lass than additive or even antagonistic Es values. As such, the 
only synergistic combinations as measured by LOI in this matrix are the SnW/AlPi and 
SnW/AlPi/MPP formulations, of which the latter corresponds to significant alterations to the 
degradation chemistry of PA66, as measured by the Es values calculated from TGA-FTIR gas 
evolution data discussed above in Section 9.3.5.  
 
The synergistic effectivity values calculated from cone calorimetric PHR data produces results of 
generally greater magnitude than for LOI data. All FRC/AlPi/MPP samples register synergistic Es 
values >1, increasing in the order of SnW < FeAl < AlW < ZnW. This can be attributed to the 
tendency of these samples to form a cohesive char which protects the underlying polymer from 
degradation and thus slows burning in general and the peak heat release rate. The lower values 
observed for SnW and FeAl can be attributed to the greater margin by which these reduce the 
PHR of PA66 on their own at 5 wt%, as outlined in Table 9.8. Of the FRC/AlPi samples tested, only 
the ZnW/AlPi formulation showed a synergistic Es value >1, again, in part due to the smaller effect 
this FRC has reducing the PHR of PA66 (Table 9.8) and the lower overall PHR of the combined 
sample. ZnW-containing formulations provide the best performance with respect to values based 
on cone calorimetric data but both LOI and UL94 performances were inferior to those of AlW- and 
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SnW-containing samples. It can be concluded that any synergistic reduction in PHR occurs only for 
AlPi/MPP- and AlPi-containing samples in concert with ZnW.  
 
It should be noted that due to technical difficulties, the cone calorimetry data for Matrix P1 was 
collected after that of Matrix P2, and as such, UL94 and LOI performance were used for the 
selection of AlW and SnW over ZnW and FeAl.  
 
Matrix P2 (the Effect of Varying the Concentration of AlPi and AlPi/MPP with AlW and SnW) 
The summarised Es data calculated from LOI and PHR values from Matrix P2 is summarised below 
in Table 9.10. 
 
Table 9.10: Summary of the LOI and cone calorimetry peak heat release rate results from Matrix 
P2, with derived synergistic effectivity values. 
Sample LOI Cone Calorimetry 
 %O2 Es (LOI) PHR (kW/m
2) Es (PHR) 
PA66 22.6 - 1644 - 
AlPi-7.5 28.2 - 1190 - 
AlPi-10.0 31.5 - 1008 - 
AlPi/MPP-7.5 26.4 - 974 - 
AlPi/MPP-10.0 28.2 - 964 - 
AlW/AlPi-7.5 26.4 0.62 616 1.04 
AlW/AlPi-10.0 30.3 0.82 851 0.68 
AlW/AlPi/MPP-7.5 25.8 0.74 346 1.08 
AlW/AlPi/MPP-10.0 25.9 0.54 331 1.08 
SnW/AlPi-7.5 26.1 0.69 760 0.75 
SnW/AlPi-10.0 30.1 0.89 660 0.72 
SnW/AlPi/MPP-7.5 27.2 1.39 404 0.89 
SnW/AlPi/MPP-10.0 28.7 1.20 506 0.81 
 
The synergistic effectivity values calculated for the Matrix 2 samples LOI values above display 
several differences from and are generally inferior to those observed in Matrix P1. This is due, in 
part, to the loss of an experienced member of technical staff which negatively affected the 
preparation of the samples in this matrix, as explained in greater detail in Chapter 7. The only 
samples to register synergistic behaviour in LOI were those containing SnW and AlPi/MPP, 
mirroring the result obtained in the previous matrix. Increasing the concentration of AlPi/MPP 
decreases the synergistic effect. All other samples register antagonistic behaviour with respect to 
LOI. For both AlW and SnW with AlPi, increasing the concentration of the PFR increases both the 
LOI value and the additive Es behaviour significantly, though in both cases, performance is at best 
additive in nature. For AlW combined with AlPi/MPP, performance does not notably increase with 
the increased concentration of AlPi/MPP, with the higher concentration used registering the 
lowest Es of all the samples tested in this matrix. It can be surmised in terms of LOI performance 
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and a vertically downwards burning model that SnW/AlPi/MPP is the only synergistic 
combination.  
 
With regards to the PHR synergistic effectivity values, the favourable performance witnessed in 
Matrix P1, especially for the AlPi/MPP samples, was not repeated. The only synergistic behaviour 
recorded was for AlW/AlPi (7.5 wt%) and for both AlW/AlPi/MPP samples. The higher 
concentration of AlW/AlPi (10 wt%), resulted in an increased PHR, possibly due to poor dispersion 
of the FRs within the sample or experimental error in the cone calorimetry test, resulting in an 
antagonistic Es result. All SnW-containing samples register less than additive PHR-derived Es 
results, probably due to the relatively larger reduction that SnW alone has on the PHR of PA66 
than AlW does (see Table 9.7). Thus, in contrast to the LOI-derived Es values, the most favourable 
interactions for the PHR-derived synergistic effectivity is displayed by the AlW/AlPi/MPP 
formulation, with the comparable SnW/AlPi/MPP samples registering slightly less-than-additive 
behaviour at best.  
 
Matrix P3 (the Effect of MPP with Selected FRCs) 
The summarised Es data calculated for LOI and PHR from Matrix P3 is summarised below in Table 
9.11. 
 
Table 9.11: Summary of the LOI and cone calorimetry peak heat release rate results from Matrix 
P3, with derived synergistic effectivity values. 
Sample LOI Cone Calorimetry 
 %O2 Es (LOI) Es (LOI)* PHR (kW/m
2) Es (PHR) 
PA66 23.3 - - 1544 - 
MPP 27.3 - - 715 - 
MPP-AlW 27.5 0.93 1.05 719 0.33 
MPP-SnW 27.3 1.14 1.00 653 0.59 
MPP-ZnW 26.2 0.97 0.73 604 0.72 
 
The synergistic effectivity values presented above display some interesting results. For ZnW/MPP, 
the lowering of LOI is matched with a near-additive Es value influenced by the negative (XS – Xpoly) 
value (= -1.0 %O2) for ZnW alone in PA66 (Table 9.8). If the (XS – Xpoly) term is removed from the Es 
equation or equated to 0, recalculated Es values (Es (LOI)* in Table 9.11 above), the less-than-
additive nature of the combination is clearly apparent. Similarly, AlW/MPP presents a marginally 
less-than-additive Es value which includes a positive (XS – Xpoly)  term for AlW alone, which if 
equated to zero gives Es values indicative of slightly synergistic behaviour. For SnW/MPP, 
synergistic behaviour is noted if the full equation is used in spite of the negative (XS – Xpoly) value 
forSnW alone in PA66 (Table 9.8), whereas if this FRC factor is removed, merely additive 
behaviour is noted. Thus, in some circumstances, it should be realised that the simple application 
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of the synergistic effectivity equation (9.3) does possess certain drawbacks which can adversely 
affect the output values, skewing the interpretation of potentially synergistic behaviour. 
 
In terms of the PHR-derived Es values, all results are less than additive in nature. This can be 
attributed to the limited effect in the reduction of PHR of the FRC/MPP combinations when 
compared to those for PA66/MPP and PA66/FRC alone: all three combined samples produce PHR 
values only slightly less (or in the case of AlW/MPP, more) than the MPP control. As observed 
previously in Matrices P1 and P2, the ZnW/MPP formulation provides the best cone calorimetry 
performance but also the worst LOI performance in terms of derived Es data, and vice versa for 
AlW and SnW. This could indicate that in combination with PFRs, ZnW requires a higher level of 
energy input (50 kW/m2 from the cone calorimeter, compared to the small flames in LOI and 
UL94) to activate any favourable flame retardant mechanisms emphasising that the burning 
models are quite different.  
 
9.5.2.2: Interactions with Bromine 
The full details of the samples and fire testing results for the interaction for the FRCs with 
bromine-based flame retardants (BrFRs) can be found in Chapter 8. The key data is repeated 
below in Tables 9.12 and 9.13. 
 
Matrix Br1 (the Effect of Selected FRCs in Combination with BrPS and BrPBz Flame Retardants) 
The summarised Es data calculated for LOI and PHR from Matrix Br1 is summarised below in Table 
9.12. 
 
Table 9.12: Summary of the LOI and cone calorimetry peak heat release rate results from Matrix 
Br1, with derived synergistic effectivity values. 
Sample LOI Cone Calorimetry 
 %O2 Es (LOI) PHR (kW/m
2) Es (PHR) 
PA66 22.6 - 1644 - 
BrPS 22.9 - 1049 - 
BrPBz 22.3 - 1206 - 
AlW/BrPS 23.3 0.88 999 0.572 
ZnW/BrPS 26.2 -5.14 485 1.003 
SnW/BrPS 26.7 -20.50 546 0.877 
AlW/BrPBz 22.3 -1.50 1174 0.484 
ZnW/BrPBz 28.5 -8.43 896 0.898 
SnW/BrPBz 26.7 -5.12 802 0.642 
 
As noted above in Section 9.5.2, certain artefacts in the synergistic effectiveness equation can 
adversely affect the output and thus interpretation of observed results. This is apparent when 
reviewing the LOI-derived Es values for the samples in the table above. The only realistic values 
are those for samples containing AlW, where antagonistic behaviour is observed on both counts. 
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All SnW and ZnW samples register negative LOIs due to the reductive effect both FRCs and BrPBz 
have on the LOI of PA66, while the values observed for SnW and ZnW combined with BrPS are 
skewed due to division by a small denominator (e.g. SnW/BrPS: the denominator is (+0.3 %O2) + (-
0.5 %O2) = (-0.2 %O2)), especially in the case of the latter. While it can be noted from the LOI 
values that a possibly synergistic improvement in the burning behaviour of the samples is present, 
in this case the use of the synergistic effectivity equation is not suitable for the data collected. It is 
clearly evident, however, from the magnitude of difference in LOI between the combined 
FRC/BrFR samples and the controls that favourable interactions exist between SnW, ZnW and the 
two brominated flame retardants tested. 
 
In terms of the PHR-derived Es values, only one sample can be deemed to display any synergistic 
behaviour: ZnW/BrPS, in contrast to the superior LOI and UL-94 performance (see Table 8.3) of 
ZnW/BrPBz. The performance of the latter and SnW/BrPS can be deemed additive at best. The 
SnW/BrPBz combination displays what could be surmised as less-than-additive behaviour, 
although the low Es value for this sample could result from the significantly decreasing effect that 
SnW alone has on the PHR of PA66 (Table 9.8). AlW displays a similarly relatively poor reduction 
in PHR which coupled with the marginally increased reduction in the presence of BrPS or BrPBz 
gives rise to low Es values. Combined with the observed LOI and UL-94 results, the presence of 
less-than-additive interaction between this FRC and BrFRs can be concluded. 
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Matrix Br2 (the Effect of Varying the Br:Sn and Br:Zn Molar Ratios) 
The summarised Es data calculated for LOI and PHR from Matrix Br2 is summarised below in Table 
9.12. 
 
Table 9.13: Summary of the LOI and cone calorimetry peak heat release rate results from Matrix 
Br2, with derived synergistic effectivity values. 
Sample LOI Cone Calorimetry 
 %O2 Es (LOI) PHR (kW/m
2) Es (PHR) 
Control 23.3 - 1541 - 
BrPS 23.8 - 1027 - 
BrPBz 23.1 - 1290 - 
BrPS-Sn-6:1 28.5 Inf 535 0.998 
BrPS-Sn-8:1 28.8 Inf 590 0.944 
#BrPS-Zn-6:1 27.5 -8.40 542 1.042 
#BrPS-Zn-8:1 26.0 -5.40 691 0.911 
BrPBz-Sn-6:1 28.7 -7.71 849 0.761 
BrPBz-Sn-8:1 27.6 -6.14 837 0.775 
#BrPBz-Zn-6:1 28.2 -4.08 661 1.283 
#BrPBz-Zn-8:1 28.0 -3.92 711 1.212 
*BrPS-Sn-8:1 27.6 Inf 585 0.949 
*BrPBz-Sn-8:1 27.7 -6.29 752 0.868 
Key: Samples marked with # are repeats as the initial 
samples did not possess the desired composition and those 
marked with a * were prepared using the “one pot” 
approach.  
 
Similarly to Matrix Br1, the LOI data from samples from Matrix Br2 presented above cannot be 
reliably analysed using the Es equation for the same reasons expressed above, and the issue that 
three of the calculated values are undefined (i.e. yielding infinite values) due to the denominator 
of the equation equalling zero. Nevertheless, the LOI values for all sample combinations except 
ZnW/BrPS, which average around 28 %O2 suggest favourable interactions between the inorganic 
and brominated components. 
 
In contrast, synergistic effectivity can be used to effectively measure the efficiency of 
compounded samples using the PHR values in this matrix. The incorporation of SnW or ZnW with 
BrPS or BrPBz has a significant impact in reducing the PHR of the PA66 composites, although some 
combinations of FRC/BrFR are more effective than others, but the higher concentrations (and 
lower Br: metal molar ratio of 6:1) of FRC give lower PHR values than the lower concentrations 
(and higher Br:Metal ratio of 8:1). Note the initial ZnW/BrFR samples are not included here as 
these did not possess the desired composition in terms of the expected Metal:Bromine ratios and 
as such, only the repeated samples (marked with # in Table 9.13) are included and analysed. 
Several compositions prepared using a “one-pot” approach as opposed to the master batch 
method of the rest of the matrix (see Chapter 8.3) are included, marked with (*). SnW/BrPS 
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achieves near-unit synergistic effectivity, which suggests additive performance, and the “one pot” 
sample of the same composition achieved almost identical performance. This corresponded to the 
lowest PHR values of Matrix Br2 (circa 570 kW/m2), although higher synergistic effectivity values 
are observed for other combinations. SnW/BrPBz formulations at both Br:Sn ratios provide less-
than-additive interaction in terms of determined synergist effectivity (with PHR ~840 kW/m2), 
though the “one pot” sample displayed slightly more effective behaviour possibly due to better 
dispersion of the FR components. The ZnW/BrPS formulation demonstrates slight synergistic 
performance at the higher concentration of FRC (Br:Zn = 6:1, PHR =5 42 kW/m2, Es = 1.042), 
though the lower concentration (Br:Zn = 8:1) shows only additive performance. The highest 
synergistic effectivity from Matrix Br2 was observed for the ZnW/BrPBz samples, though this can 
partially be attributed to the lower effect ZnW alone has on reducing the PHR of PA66 compared 
to SnW, but corresponds to the significant alteration of PA66 degradation chemistry outlined 
above and in Section 2.4, and when the synergistic effectivity parameter is applied to the TGA-
FTIR evolved gases (see below). 
 
9.5.3: Synergistic Effectivity with Respect to Evolution of Volatiles in TGA-FTIR Analysis 
The synergistic effectivity (Es) formula was applied to the amounts of CO2, NH3 and CyP detected 
from TGA-FTIR analysis of the FRC/BrFR/PFR compositions discussed previously in Chapters 7 and 
8 (see Table 9.4), of which the results are outlined below in Table 9.14. Note the synergistic 
effectivity values presented here are quoted to 1 decimal place due to the large (up to 20%) error 
present in the TGA-FTIR technique. 
 
Table 9.14: Calculated synergistic effectivity values with respect to the amounts of CO2, NH3 and 
CyP produced from FTIR analysis under air and nitrogen. Values are rounded to 1 d.p. to account 
for the c.a. 20% error in TGA-FTIR studies. 
Sample Es (CO2) Es (NH3) Es (CyP) 
- N2 Air N2 Air N2 Air 
AlW/AlPi 0.5 0.6 1.0 4.8 0.8 3.8 
AlW/AlPi/MPP 0.9 -0.1 1.2 0.2 0.6 0.4 
SnW/AlPi 0.1 0.0 0.5 0.7 0.6 0.7 
SnW/AlPi/MPP -0.7 -0.2 0.2 0.4 -0.1 0.7 
SnW/BrPS -0.1 -0.3 1.2 0.3 0.4 0.7 
SnW/BrPBz 3.6 -0.5 0.9 1.9 0.2 0.7 
ZnW/BrPS 0.1 -0.3 3.0 0.7 -0.8 0.9 
ZnW/BrPBz 1.1 -5.3 0.3 5.5 -0.4 -0.4 
 
As can be seen from Table 9.13 above, Es values following the inclusion of the three tested FRCs 
compounds with BrPS, BrPBz, AlPi and AlPi/MPP flame retardants have differing values reflecting 
the variable effects on the degradation products of PA66 under air and nitrogen observed in 
Section 9.3 above. Given the limitations and errors in computing Es values discussed previously 
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and the assessed error of about 20% in the FTIR absorbance values used to calculate them, only 
those samples which significantly alter the degradation of PA66 relative to their respective 
controls will be discussed. This can be evidenced by outlying positive or negative synergistic 
effectivity values, i.e. Es << 0 or Es > 1. As observed above, excessively large positive or negative 
values of Es can result from division by a small denominator in the equation.  
 
With regards to CO2 formation, only two compositions, SnW/BrPBz (under nitrogen) and 
ZnW/BrPBz (under both air and nitrogen) display outlying behaviour relative to the other samples. 
In the latter case, this is most likely because the greater formation of CO2 under air attributed to 
the oxidation of stable char as outlined above for ZnW/BrPBz in Section 9.3.8 will overawe any 
changes caused by the FRC/BrFR present.  
 
With regards to NH3 formation, six compositions display outlying Es results (Es < 0 or Es > 1), 
namely AlW/AlPi (air), AlW/AlPi/MPP (N2), SnW/BrPS (N2), SnW/BrPBz (air), ZnW/BrPS (nitrogen) 
and ZnW/BrPBz (air). For AlW/AlPi, the large outlying value (Es = 4.8 corresponds to the 
excessively large amount of NH3 production observed and could be attributed to an erroneous 
result (as the CyP result under air is similarly large), although there is evidence for significant 
cross-linking of PA66 as this sample displayed favourable fire performance (UL94 (V-0) and LOI 
(28.1 %O2)). For AlW/AlPi/MPP, the increased Es value (1.2) could be attributed to the elimination 
of NH3 from melamine degradation. Interestingly, the presence of BrPS and BrPBz have seemingly 
opposite effects on the formation of ammonia depending upon the atmosphere used for the TGA-
FTIR analysis. For both ZnW/BrPS and SnW/BrPS under nitrogen, the Es outlying values (3.0 and 
1.2 respectively) for production of NH3 can possibly be attributed to the lower level of NH3 
formation promoted by BrPS alone and the greater amount produced by both combined samples 
under nitrogen. Under air, both SnW/BrPBz and ZnW/BrPBz appear to promote the formation of 
greater amounts of NH3, though for the latter composition, this could be a false reading, as 
outlined in Section 9.3.8 due to the lack of an observed peak release of NH3 for this sample. This 
result, however, coincides with both improved fire performance in terms of LOI (28.2 %O2) and 
UL94 (V-2) rating for ZnW/BrPBz. 
 
With respect to formation of CyP, only one sample, AlW/AlPi, displays a positive outlying Es value 
(3.8) relative to the others. As outlined in Section 9.3.5. While this corresponds to an apparent 
increase in the amount of CyP released this result also coincides with the improved fire 
performance of this sample. Similar observations, although lower in magnitude, were recorded 
under nitrogen for SnW/AlPi/MPP, ZnW/BrPS and ZnW/BrPBz, and for the latter sample under air. 
In the case of ZnW/BrPBz, this corresponds to a reduction in the formation of CyP by this 
combination of species, as outlined above. 
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9.6: Conclusions 
From the results outlined above and the known degradation chemistry of PA66 presented in 
Section 2.4, a number of conclusions can be drawn from the collated observations of the effects 
each combination of FRC/PFR or BrFR has on the degradation of PA66 and the plausible chemical 
mechanisms of flame retardancy acting therein.  
 
On their own, the three selected tungstates (AlW, SnW and ZnW) in PA66 at 5 wt% display only 
minimal effects on the degradation of PA66 although their presence can influence LOI values 
slightly (both positively and negatively) and reduce peak heat release values significantly as shown 
in Table 9.7. In combination with AlPi, AlPi/MPP, BrPS or BrPBz, significant differences are 
observed for several of the combinations which correspond in several of the cases to improved 
fire performance (UL94, LOI or cone calorimetry). Some increases in cross-linking are observed for 
AlW (under air) and SnW (under both air and nitrogen), as measured by increased ammonia and 
reduced cyclopentanone emissions determined by TGA-FTIR, which could explain the marginally 
improved LOI and UL94 performance of AlW in PA66. Of the phosphorus- and bromine-containing 
flame retardants tested, all increased cyclopentanone production with respect to pure PA66, 
while presence of AlPi/MPP alone increased NH3 production which could also indicate the 
promotion of cross-links, but as this species contains melamine, which decomposes with the 
release of ammonia, this suggestion may not be entirely valid. 
 
The combination of AlW and AlPi displayed improved UL-94 and LOI fire performance, yielding the 
most favourable UL-94 results obtained (V-0). This coincides with significant deviation from the 
pure PA66, AlW and AlPi controls with respect to TGA-FTIR results, where large increases in NH3 
and CyP production are observed (Table 9.3). As stated previously, increased ammonia 
production is commonly associated with cross-linking of PA66, whereas CyP production indicates 
greater formation of the primary flammable volatile of the polymer. The significantly increased 
amounts of both of these species observed could be accounted for by prevention of the oxidation 
of CyP to CO2 (Equation 9.2) by vapour-phase inhibition of phosphorus acids produced from AlPi. 
In contrast, AlW/AlPi/MPP did not significantly alter the degradation of PA66 relative to its 
controls, coinciding with the lesser fire performance of this composition.  
 
With regards to the derived synergistic effectivity (Es) values based on LOI, cone calorimetric and 
TGA-FTIR data, some disparity is observed between the behaviour of Matrices P1 and P2 due to 
the aforementioned processing differences between all samples in the two. Es values based on LOI 
values suggest that interactions display additive behaviour at best, whereas Es values calculated 
from cone PHR data displays a degree of synergistic behaviour for the AlW/AlPi/MPP samples 
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(Table 9.9). This could be attributed to the respective flame retardant mechanisms only being 
activated under the high heat flux conditions of the cone calorimeter at 50 kW/m2, required for 
phosphorus-oxide formation and interactions to promote the formation of char barriers.[3] The 
char analysis results indicate some loss of P from the compositions relative to W, with AlPi 
forming volatile phosphinic acids in particular, which act as vapour-phase radical scavengers. The 
significant amount retained, is most likely bound to the carbonaceous char which are promoted 
by condensed-phase phosphorus acids. With respect to the possible mechanisms of action of 
FRC/PFR interactions previously outlined in Section 8.4, the char formed by the samples tested 
corresponds to similar known interactions (Sections 2.5 and 2.6), although the possible vapour-
phase effect of AlPi could not be quantified due to the lack of volatile phosphorus acids detected 
in TGA-FTIR experiments. It is also possible, however, that any increases in the amount of CyP 
produced could be attributed to the inhibition of the oxidation of this species by vapour-phase 
flame inhibitors produced at a similar temperature.  
 
SnW/AlPi and SnW/AlPi/MPP formulations both show lower effects on the degradation of PA66 
than their AlW counterparts as measured by TGA-FTIR, though a favourable increase in cross-
linking (as NH3 production) is observed (Section 9.3.6). XRF analysis of cone chars (Table 9.6) 
suggests that a fraction of tin may be volatilised when present; with AlPi/MPP (perhaps via SnO 
formation), as represented by the reduction in the Sn:W molar ratio.  
 
Of all the FRC/BrFR compositions tested, the largest alteration to the degradation of PA66 was 
witnessed for the ZnW/BrPBz formulation, which also corresponded to the best UL94 (V-0/V-2) 
and LOI (28.5 %O2) performance observed in Matrix Br1 (see Table 9.12). The improved fire 
performance of this sample could result from observed lowering of the amount of CyP produced 
(see Table 9.3), and the promotion of char formation. XRF analysis of the cone calorimetric chars 
(Table 9.6) shows the significant loss of bromine relative to tungsten in all cases, and the loss of 
approximately 35% of tin and 78% of zinc relative to tungsten for the SnW- and ZnW-containing 
samples respectively, which suggests that zinc is more readily extracted and volatilised from ZnW 
than tin is from SnW. More bromine is retained relative to tungsten in the ZnW-containing 
samples than the SnW-containing samples, suggesting that a fraction of bromine may be 
incorporated into the char in the form of Lewis-acids such as metal (oxy)bromides for instance. 
For all FRC/BrFR samples, however, a large degree of char promotion is observed under air (Table 
9.3) and for several samples (SnW/BrPS, SnW/BrPBz and especially ZnW/BrPZ) under nitrogen 
(Table 9.2). These observations appear to corroborate the plausible mechanisms of action for the 
FRCs in combination with BrFRs outlined in Section 8.4.  
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Collectively, these results demonstrate that two of the FRC/BrFR/PFR combinations in particular, 
AlW/AlPi and ZnW/BrPBz significantly alter the degradation chemistry of PA66 which can account 
for the improved fire performance observed. Further work could possibly elucidate mechanistic 
information in greater detail, such as vapour phase analysis (Pyr-FTIR) and digestion of chars 
(quantitative analysis) followed by XRF/AA/ICP analysis of metals, bromine and/or phosphorus. 
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Chapter 10: Conclusions 
 
10.1: Overview 
The aims of this project relate to concerns regarding the environmental and toxicological 
implications of several flame retardant species commonly used in engineering plastics, with goals 
of developing readily produced, non-toxic, inorganic alternatives, and a methodology for the 
synthesis and screening of other potential candidates. 
 
To this end: 
 An extensive literature survey and understanding of polymer degradation and FR 
mechanisms of action was carried out and developed. 
 An initial study of six metal oxalates was performed, they could reduce the burn rate of 
cotton when padded onto the substrate, both with and without sources of bromine and 
phosphorus. Favourable interactions were observed with bromine.  
 Following this, a series of non-toxic water soluble reagents were chosen from which 170 
flame retardant candidate (FRC) compounds were synthesised. These were screened for 
activity with PA66 using TGA/DTA. Sixteen most promising candidates were identified. 
 The synthesis of these 16 compounds was attempted on a larger scale, with 10 
successfully produced and full characterised. These were incorporated into PA66 by melt-
blending along with commercial bromine- and phosphorus-containing FRs chosen for their 
known effectiveness. Fire tests were performed on these samples, and several possible 
synergistic combinations were detected. Probable mechanisms of action were 
determined using TGA-FTIR and cone char analysis. 
 In summary, the originality of this research lies in the production, characterisation and 
testing of several water-insoluble, low-toxicity, low biological available FR compounds 
which display favourable interactions with selected bromine and phosphorus flame FRs. 
To achieve this, a method of screening potential FRs has also been developed.  
 
Concise conclusions from Chapters 4 to 9 are presented below. 
 
10.2: Metal Oxalates as Potential Flame Retardants (Chapter 4) 
As a starting point six metal oxalates were synthesised and their effect on the burning rate of 
cotton cellulose (as an example char-forming polymer) when adsorbed onto the fabric was tested 
both alone and in with water-soluble sources of bromine and phosphorus. Several of the oxalates 
reduced the burn rate of cotton, although no char promotion was observed. Superior behaviour in 
the reduction of the burning rate was observed with bromine (especially CaOx, FeOx and ZnOx), 
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probably due to the formation of the metal bromides during the degradation of the oxalates, 
which can then act as both condensed-phase Lewis acids, dehydrating the cellulose to promote 
the formation of char and/or in the vapour phase as radical scavengers to reduce the flame 
intensity. Char is promoted by both sources phosphorus and bromine with and without oxalates. 
While sample preparation and burning-rate determination offer a rapid, simple means of 
assessing flame retardant potential, precise control over sample composition is difficult and little 
mechanistic information can be garnered and as such, alternative techniques were used for later 
stages of the project. As promising results were obtained, it would be of interest to determine the 
flammability effect of the oxalates synthesised directly onto the cotton fabric, possibly using 
layer-by-layer techniques. The study presented represents the first real study of metal oxalates 
for potential flame retardant activity and as, such a paper has been published based on this work 
and additional studies carried out in parallel with the primary (see Sections 10.3 and 10.5) PA66 
studies below, whereby the interactions of zinc oxalate were studied with the bromine and 
phosphorus flame retardants.[1] 
 
10.3: Synthesis and Screening of Fire Retardant Candidate (FRC) Compounds (Chapter 5) 
Following the oxalate study, a range of water-soluble, non-toxic cationic and anionic reagents 
were selected from which potential fire retardant compounds (FRCs) could be synthesised using 
small-scale, (c.a. 10 g) simple, acid-base precipitation reactions which can be readily scaled to an 
industrial level. The synthesis of 230 target compounds was attempted of which 170 were 
successfully produced via both convenient, simple and safe lab-scale  reactions This work was 
conducted over a series of phases in parallel with other work as new reagents were added to the 
matrix.  
 
The 170 FRCs were screened for activity as powder mixes with PA66 (25 wt% FRC, 1:3 ratio by 
mass) using TGA/DTA, determining  the effect of each species on the degradation of the polymer 
and whether any favourable char promoting interactions existed. Selection parameters were 
devised to narrow the number of FRCs suitable for further study. Following the screening of the 
Phase 1 compounds, these were altered for greater selectivity of the Phase 2 compounds (see 
Section 5.3.2), primarily with respect to the char-promoting potential of the FRCs in PA66. The 
first stage of screening highlighted 57 compounds deemed worthy of further study (42 from Phase 
1, 15 from Phase 2), and as such these were analysed using TGA/DTA differential mass analysis to 
determine their char promotion potential, narrowing the number of suitable targets to 16, as 
outlined in Table 10.1 below.  
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Table 10.1: Phase 1 and 2 FRCs selected for large scale synthesis, characterisation and fire testing 
from Chapter 5, including formulae and whether or not these were successfully scaled up and 
melt-blended into PA66 in Chapter 6.  
 Compound Formula Scale Up Compounded 
Phase 1 Zinc Oxalate ZnC2O4 Y Y 
 Iron (II) aluminate FeAl2O4 Y Y 
 Zinc molybdate ZnMoO4 Y N 
 Aluminium tungstate Al2(WO4)3 Y Y 
 Zinc tungstate ZnWO4 Y Y 
 Tin (II) tungstate SnWO4 Y Y 
 Stannic manganese nitroxymetallate Sn[Mn(NO2)6] N N 
 Stannic copper nitroxymetallate Sn[Cu(NO2)6] N N 
 Stannic zinc nitroxymetallate Sn[Zn(NO2)6] N N 
 
Potassium calcium copper 
nitroxymetallate 
K2Ca[Cu(NO2)6] N N 
 Iron (III) hypophosphite Fe(H2PO2)3 Y N 
Phase 2 Tin (II) oxide SnO Y Y 
 Tin (IV) silicate SnSi2O6 N N 
 Tin (II) hydrogenphosphite Sn(H2PO3)2 Y Y (10%) 
 Tin (II) triphosphate Sn5(P3O10)2 N N 
 Tin (II) phenylphosphonate SnPhPO3 Y Y (10%) 
 
It should be noted that TGA/DTA experiments were performed at 20 oC/min due to the volume of 
samples to be run, although analysis at 10 oC/min can allow for greater clarity with respect to 
degradation steps. For future work, it may be apt to perform analyses at both heating rates to 
yield a clearer picture of the effect any FRC has on the degradation of its intended polymer. In 
addition several subsequent experiments performed on lower levels of FRC loading (5-10 wt%) 
might also demonstrate the effects on the degradation of the polymer at levels more 
representative of those used in commercial flame retarded polymer formulations. It is believed 
that this screening behaviour is novel and to the author’s knowledge, any similar methodology 
has not been reported in the literature, although the differential analysis method has been 
previously employed. Likewise, several compounds have been synthesised and tested to which no 
or very little literature to the author’s knowledge exists.  
 
10.4: Large Scale Synthesis and Fire Testing of FRCs in PA66 (Chapter 6) 
Following the small-scale synthesis and screening (Chapter 5) outlined above, the synthesis of the 
16 selected FRCs (Table 10.1) was attempted on a larger scale (~ 100 g) and a thorough 
characterisation of each compound using a variety of methods was undertaken. Difficulties were 
encountered with the large scale synthesis of six of the compounds which would make any 
subsequent industrial manufacture unfeasible, and so these were rejected and not studied further 
(these are highlighted in Table 10.1). The 10 compounds successfully produced (see Table 10.1) 
and characterised were compounded into PA66 (at 5 wt%, a typical level acceptable for inorganic 
flame retardants) by melt-blending, whereby two displayed negative interactions with the 
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polymer and were thus rejected from further study (see Table 10.1). Of the eight compounds 
successfully compounded, two were capable of being included at higher concentrations (10 wt%) 
due to their hydrophobic nature (highlighted in Table 10.1).  
 
Only one of the tested FRCs (AlW) improved the UL-94 performance (up to V-0) of PA66 over the 
pure control, and three increased the LOI (AlW = 23.0 %O2, FeAl = 23.7 %O2, PA66 = 22.5 %O2) of 
the polymer, although all samples reduced the peak heat release of the polymer by an 
appreciable margin (approx. 40%) although total heat release was only reduced by some FRCs 
(FeAl, ZnW, SnW, SnO and SnPhPO3, 15-20% reduction in THR). Smoke production was reduced by 
ZnW, FeAl and SnPhPO3. There are a number of possible chemical mechanisms to which the 
observed reductions in flammability could be attributed, including the condensed-phase cross-
linking of polymer chains to promote the formation of char or by vapour-phase radical quenching 
action from volatile compounds including oxides or halides, though these were not investigated 
on their own. This was investigated in greater detail in combination with the bromine- and 
phosphorus-containing flame retardant compositions in Chapter 9 (see Section 10.7 below).  
 
The inclusion of several of the wholly inorganic FRC was attempted at higher concentrations (7.5 
wt%), although this was not achievable due to severely detrimental effects on the rheology of the 
polymer during processing. Following this work, four of the FRCs (FeAl, AlW, SnW and ZnW) were 
selected for study initially with several conventional phosphorus-containing flame retardants. It is 
not possible to compare the results obtained at this stage of the project with the literature as 
once again, very few references cite investigations of these tungstates as having potential flame 
retardant properties although within the textile field, it was reported nearly 40 previously by Beck 
et al that tungstates were effective flame retardants for wool fabrics.[2] 
 
10.5: Interactions of the FRCs with Phosphorus Flame Retardants in PA66 (Chapter 7) 
Following the studies in Chapter 6, it was decided to test for favourable interactions between four 
of the Phase 1 FRCs (FeAl, AlW, SnW and ZnW) and two phosphorus-containing flame retardants, 
aluminium diethyl phosphinate (AlPi) and aluminium diethyl phosphinate/melamine 
polyphosphate blend (AlPi/MPP), which act by vapour-phase and combined condensed and 
vapour phase mechanisms respectively.  
 
The appropriate levels of AlPi and AlPi/MPP were first determined by compounding them in PA66 
at various concentrations (7.5, 10, 12.5 and 15 wt%) and subjecting them to UL94 and LOI fire 
tests. A sub-V-0 level of performance in UL-94 testing was selected as appropriate for 
combination with the FRCs as any improvement in behaviour would be clearly apparent. The 
selected levels were 7.5 wt% for AlPi and 10 wt% for AlPi/MPP. Combinations of these with all 
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four selected FRCs were successfully produced (Matrix P1). Two particular FRCs and 
AlPi/AlPi/MPP (AlW/AlPi and SnW/AlPi/MPP) displayed favourable interactions (AlW/AlPi: UL-94 
V-0, SnW/AlPi/MPP: LOI 28.8 %O2) and as such were proposed for further study. All FRC/AlPi/MPP 
samples showed excellent reductions in burning intensity recorded as peak heat release rates 
during cone calorimetry (approx. 20% of pure PA66). ZnW and FeAl both reduced smoke 
production relative to the AlPi and AlPi/MPP controls. 
 
This further study (Matrix P2) involved investigation of the favourable FRC/PFR combinations 
(AlW/AlPi, AlW/AlPi/MPP, SnW/AlPi and SnW/AlPi/MPP), while varying the concentrations of AlPi 
and AlPi/MPP between the bounds of 7.5 and 10 wt%. The results observed generally mirrored 
those seen in the initial study, although were slightly inferior and some difficulties encountered in 
processing due to the loss of an experienced member of technical staff who had assisted with the 
processing of the initial samples. The higher concentrations of AlPi or AlPi/MPP gave superior 
results in all cases, although significant further work would be required in order to optimise the 
formulations tested into commercially viable compositions. 
 
Following this, a range of samples was prepared to determine if AlW, ZnW and SnW displayed any 
favourable behaviour with melamine polyphosphate alone (MPP, Matrix P3), a condensed-phase 
phosphorus flame retardant (5 and 10 wt% for both components respectively). Little 
improvement was observed between MPP and any of the FRCs tested, suggesting that AlPi and 
AlPi/MPP are more favourable flame retardants for PA66 when combined with either AlW or 
SnW. Antagonism was observed with ZnW in terms of LOI behaviour compared to the other two 
tested FRCs, although the inclusion of ZnW reduced the cone PHR of the PA66/MPP composition 
(604 kW/m2 vs. 715 kW/m2 for PA66/MPP).  
 
Further work could entail the repetition of the AlW/SnW, AlPi and AlPi/MPP compositions with 
variation of the processing conditions so as to achieve the best dispersion of FRC and PFR in PA66 
and thus optimal fire performance. It may also be plausible that the addition of a smaller amount 
of FRC (1 wt%) for instance to an AlPi or AlPi/MPP formulation could improve the fire 
performance in a similar manner to the addition of zinc borate to AlPi/MPP.[3] This work has 
demonstrated that the addition of tungstates to phosphorus flame retardants can induce an 
increase in the performance of PA66 compositions, for which there is no literature evidence to 
the author’s knowledge. 
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10.6: Interactions of the FRCs with Brominated Flame Retardants in PA66 (Chapter 8) 
In parallel with Matrix P2, a sighting matrix was created to determine if AlW, SnW or ZnW 
displayed any favourable interactions with two polymeric brominated flame retardants (BrPS and 
BrPBz) in PA66, Matrix Br1. The FRC concentration was maintained at the previously used level (5 
wt%), with the two brominated species at 10 wt%. All samples were successfully prepared and 
favourable interactions between both BrPS and BrPBz were observed for SnW and ZnW (as an 
increase in LOI to 26.2 to 28.5 %O2 and reduction in cone PHR (50% of PA66/BrFR control). AlW 
showed antagonistic behaviour with both brominated flame retardants. ZnW reduced smoke 
production in the presence of both BrFRs.  
 
Following the promising behaviour observed with ZnW and SnW with BrPS and BrPBz in PA66, a 
further range of samples, Matrix Br2 was assembled to study the interactions in greater detail. 
This involved increasing the concentration of both BrFRs to 10 wt% Br (i.e. 16 wt% BrPS and 14 
wt% BrPBz) and preparing larger amounts of a master-batch of PA66 containing either BrPS or 
BrPBz, to which would be added SnW or ZnW in a 1:6 or 1:8 tungsten:bromine molar ratio in a 
separate compounding step in an attempt to maximise dispersion which could have accounted for 
previous variability in UL-94 performance. Several compositions prepared by the more 
conventional “one-pot” approach were also produced for comparison. The observed results 
generally mirrored the previously observed trends, with the higher concentrations of FRC 
(Br:W=6:1) achieving greater reductions in the flammability of PA66, although the previously 
observed UL-94 V-0 rating result for ZnW/BrPBz was not repeated. Little difference in UL-94 
performance resulted between the masterbatch and “one pot” compounding methods, although 
the samples produced in both Matrix Br1 and Br2 may have suffered from the loss of technitian 
expertise outlined above. The preparation of the ZnW samples had to be repeated due to 
incomplete addition of the ZnW powder to the polymer pellets, with the repeated specimens 
displaying the more appropriate composition (as determined using X-Ray Fluorescence (XRF) of 
the polymer chips) and thus improved performance. This has been outlined in Section 8.3.2.  
 
Based on these results and conclusions drawn in Sections 8.3 and 8.4, further work could entail a 
more detailed investigation of SnW and ZnW with additional BrFRs and in a wider range of 
metal:bromine ratios, possibly at higher concentrations of Br (15 wt% for example)[4] in an effort 
to better optimise formulations for increased performance. To the author’s knowledge, this is the 
first work in which the interactions of tungstates have been investigated with brominated flame 
retardants as potential synergists in a bulk polymeric environment. 
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10.7: Determination of Mechanisms of Action (Chapter 9) 
Given the promising behaviour displayed by several of the metal tungstates in combination with 
both PFRs and BrFRs, a study was undertaken using evolved gas analysis of degradation products 
(TGA-FTIR) and residue analysis from cone calorimetry chars (FTIR and XRF) to discern how the 
inclusion of the range of the selected flame retardants studied affects the degradation of PA66 
and how this can be related to known fire retardant mechanisms.  
 
Significant changes to the degradation of PA66 were observed for several combinations of 
FRC/PFR/BrFR, notably AlW/AlPi and ZnW/BrPBz. The latter of these compositions significantly 
reduced the amount of flammable volatiles which suggested had led to increased cross-linking of 
PA66 under degradative conditions. For all FRC/BrFR compositions, loss of either Sn or Zn relative 
to W from tin and zinc tungstates respectively is observed in the analysis of chars, suggesting 
volatilisation of these elements and vapour-phase activity of derived respective metal bromides. 
The char analysis undertaken, however, was only semi-quantitative, and as such, further work to 
investigate such mechanisms should incorporate techniques such as pyrolysis-FTIR, pyrolysis-
GCMS and quantitative char analysis by digestion and ICP or AA analysis of metals, and SEM and 
TEM analysis for morphological purposes, for example. Again, to the author’s knowledge, the 
study of the mechanisms of action between aluminium, tin and zinc tungstates with phosphorus- 
and bromine- containing flame retardants has not been reported elsewhere. 
 
10.8: Summary 
In summary, a range comprising a large number of novel inorganic flame retardant candidates 
have been synthesised, screened and tested for possible flame retardant (via enhanced char 
formation) efficacy in a model engineering polymer both alone and in combination with 
phosphorus and bromine-containing flame retardants, and probably mechanisms of action 
determined. This was achieved in parallel with the development of a methodology capable of 
screening potential flame retardant additives for activity within polymers, which when 
appropriately applied, could be used to rapidly discern the most favourable candidates for study. 
These latter were then synthesised on a larger scale and fully characterised chemically.  
 
With regards to the work undertaken, the goals of the project have been achieved, though with 
greater time, further refinement of the produced FRCs and polymer formulations containing these 
could be achieved. Novel work achieved in this project includes the investigation of several new 
classes of compound as flame retardants (principally aluminium, tin and zinc tungstates) and the 
production of several novel compounds to which there is little literature reference (SnPhPO3 and 
Sn(H2PO3)2) which display promising behaviour as potential multifunctional FR compounds.  
 
207 
10.9: Further Work and Alternate Strategies 
A large number of further avenues of study from the presented work exist, though were the 
author to repeat the project again from the beginning with the benefit of hindsight, he would 
adapt several of the methodologies used and proceed with a different course of action for the 
selection of mixed-metal oxide FRCs. These would include: 
 Analysis of the effect of each FRC reactant-related metal oxide individually (e.g. ZnO and 
SnO2) as the starting point for the project, before using the differential thermogravimetric 
analysis method to determine the efficacy of combined species (e.g. ZnSnO3) when 
screening potential FRCs for activity.  
 Based on the 1:3 FRC:PA66 mass ratio thermogravimetric analytical screening 
methodology described in Section 5.3, it would be of interest to study the behaviour of 
different mass ratios containing less FRC to the reflect lower concentrations (c.a. 5-10 
wt%) that such compounds would be used in commercial formulations should they found 
to be effective. Furthermore, it might also be of interest to produce pressed-plaque 
samples of the powder mixes to more accurately represent a compounded formulation. 
Examination of the effect that differences in processing of the PA66 samples across 
different matrices (exemplified most notably between Matrix P1 and P2, due to the loss 
of an experienced technician) could establish definitely those variables that most 
influence the reproducibility and repeatability of the methodology used.  
 Further mechanistic understanding might be increased using a greater range of 
quantitative techniques, including pyrolysis-FTIR and GCMS and more comprehensive, 
quantitative char analysis as discussed briefly in Section 10.7 above.  
 
Other avenues of further study exist in the form of other polymer matrices, the latter including 
the engineering polymers poly(butylene terephthalate, PBT) and high temperature polyamides 
(HTPAs, e.g. PA6T) in combination with other  flame retardants from the ones tested in this 
project, but known to be effective in the respective chosen polymers. Furthermore, since a large 
number of organophosphorus acids exist which can form complexes with metals, these  present 
an interesting avenue for further exploration in which the observed successes of this thesis could 
be chemically combined into “single complex”, more effective flame retardants having largely 
inorganic chemistries  
 
References: 
1. A. Holdsworth, A. R. Horrocks, B. Kandola and D. Price, Poly. Deg. Stab., 110, 2014, 290-
297. 
2. A. R. Horrocks, Rev. Prog. Coloration. Rel. Topics, 16, 1, 2008, 62-101. 
3. U. Braun, B. Schartel, M. A. Fichera and C. Jager, Poly. Deg. Stab., 92, 2007, 1528-1545. 
4. A. R. Horrocks, G. Smart, B. Kandola, A. Holdsworth and D. Price, Poly. Deg. Stab., 92, 12, 
2012, 2503-2510. 
I 
 
Appendix 1: List of Synthesis Screening Reactions Performed.  
This appendix summarises the synthesis screening reactions towards the flame retardant candidate targets 
undertaken in Chapter 5.  
 
Oxide Anions 
Table 5.5, detailing the attempted syntheses of the target flame retardant candidates, is repeated below for 
convenience.  
 
 Mg
2+ 
Al
3+ 
Ca
2+ 
Mn
2+ 
Fe
2+ 
Fe
3+
 Cu
2+ 
Zn
2+ 
Sn
2+ 
Sn
4+ 
Bi
3+ 
B(OH)4
- 
Y Y Y Y Y Y Y Y Y Y Y 
CO3
2-
 Y Y Y Y Y  Y Y Y Y Y 
C2O4
2-
 Y  Y Y Y  Y Y Y  Y 
HO
-
 Y Y  Y Y Y Y Y Y Y Y 
Al(OH)4
-
 Y Y Y Y Y Y Y Y Y Y Y 
Si(OH)4
-
 Y Y Y Y Y Y Y Y Y Y  
MoO4
2-
  Y Y Y Y Y Y Y Y Y  
Sn(OH)6
2- 
Y Y Y Y Y Y Y Y Y Y Y 
WO4
2-
  Y Y Y Y Y Y Y Y Y Y 
Key: Green = Early Synthesis. Red = No Precipitate Formed 
 
Tetrahydroxoborate Complexes – B(OH)4
-
 
Cation  Amount Anion Amount  Result 
Mg
2+
  16.7 ml  33.3 ml   White precipitate 
Al
3+
  12.5 ml  37.5 ml   White precipitate 
Ca
2+
  16.7 ml  33.3 ml   White precipitate 
Mn
2+
  16.7 ml  33.3 ml   Off-white precipitate 
Fe
2+
  16.7 ml  33.3 ml   Green precipitate 
Fe
3+
  12.5 ml  37.5 ml   Yellow precipitate 
Cu
2+
  16.7 ml  33.3 ml   Blue precipitate 
Zn
2+  
16.7 ml  33.3 ml   White precipitate 
Sn
2+
  16.7 ml  33.3 ml   White precipitate 
Sn
4+
  10.0 ml  40.0 ml   White precipitate 
Bi
3+
  12.5 ml   37.5 ml   White precipitate 
 
Carbonate Complexes – CO3
2-
 
Mg
2+
  25.0 ml  25.0 ml   White precipitate 
Al
3+
  20.0 ml  30.0 ml   White precipitate 
Ca
2+
  25.0 ml  25.0 ml   White precipitate 
Mn
2+
  25.0 ml  25.0 ml   Cream precipitate 
Fe
2+
  25.0 ml  25.0 ml   Brown precipitate 
Fe
3+
  12.5 ml  37.5 ml   No precipitate, effervescence    
Cu
2+
  25.0 ml  25.0 ml   Blue-green precipitate 
Zn
2+  
25.0 ml  25.0 ml   White precipitate 
Sn
2+
  25.0 ml  25.0 ml   Black precipitate (SnO) 
Sn
4+
  16.7 ml  33.3 ml   White precipitate 
Bi
3+
  20.0 ml   30.0 ml   Yellow precipitate (Bi2O3) 
 
Oxalate Complexes – C2O4
2-
 
Mg
2+
  25.0 ml  25.0 ml   White precipitate 
Al
3+
  20.0 ml  30.0 ml   No precipitate 
Ca
2+
  25.0 ml  25.0 ml   White precipitate 
Mn
2+
  25.0 ml  25.0 ml   White precipitate 
Fe
2+
  25.0 ml  25.0 ml   Bright yellow precipitate 
II 
 
Fe
3+
  12.5 ml  37.5 ml   No precipitate, green solution  
Cu
2+
  25.0 ml  25.0 ml   Blue precipitate 
Zn
2+  
25.0 ml  25.0 ml   White precipitate 
Sn
2+
  25.0 ml  25.0 ml   White precipitate 
Sn
4+
  16.7 ml  33.3 ml   No precipitate 
Bi
3+
  20.0 ml   30.0 ml   White precipitate 
 
Hydroxide Complexes – HO
-
 
Mg
2+
  16.7 ml  33.3 ml   White precipitate 
Al
3+
  12.5 ml  37.5 ml   Not attempted = Al(OH3) 
Ca
2+
  16.7 ml  33.3 ml   White solution, no precipitate 
Mn
2+
  16.7 ml  33.3 ml   Brown precipitate 
Fe
2+
  16.7 ml  33.3 ml   Brown precipitate 
Fe
3+
  12.5 ml  37.5 ml   Brown precipitate 
Cu
2+
  16.7 ml  33.3 ml   Black precipitate 
Zn
2+  
16.7 ml  33.3 ml   White precipitate 
Sn
2+
  16.7 ml  33.3 ml   Black precipitate (SnO) 
Sn
4+
  10.0 ml  40.0 ml   White precipitate 
Bi
3+
  12.5 ml   37.5 ml   Yellow precipitate (B(OH)3)  
 
Orthosilicate Complexes – Si(OH)2O2
2-
 
Mg
2+
  25.0 ml  25.0 ml   White precipitate  
Al
3+
  20.0 ml  30.0 ml   White precipitate 
Ca
2+
  25.0 ml  25.0 ml   White precipitate 
Mn
2+
  25.0 ml  25.0 ml   Dark brown precipitate 
Fe
2+
  25.0 ml  25.0 ml   Yellow-brown precipitate 
Fe
3+
  12.5 ml  37.5 ml   Brown precipitate 
Cu
2+
  25.0 ml  25.0 ml   Blue precipitate 
Zn
2+  
25.0 ml  25.0 ml   Cream precipitate 
Sn
2+
  25.0 ml  25.0 ml   Cream precipitate 
Sn
4+
  16.7 ml  33.3 ml   White precipitate 
 
Tetrahydroxoaluminate Complexes – Al(OH)4
-
 
Mg
2+
  16.7 ml  33.3 ml   White precipitate 
Al
3+
  12.5 ml  37.5 ml   Not attempted = Al(OH)3 
Ca
2+
  16.7 ml  33.3 ml   White precipitate 
Mn
2+
  16.7 ml  33.3 ml   Off-white precipitate 
Fe
2+
  16.7 ml  33.3 ml   Green precipitate, turns brown on drying 
Fe
3+
  12.5 ml  37.5 ml   Brown precipitate 
Cu
2+
  16.7 ml  33.3 ml   Blue precipitate 
Zn
2+  
16.7 ml  33.3 ml   Cream precipitate 
Sn
2+
  16.7 ml  33.3 ml   Cream precipitate 
Sn
4+
  10.0 ml  40.0 ml   Cream precipitate 
Bi
3+
  12.5 ml   37.5 ml   White precipitate 
 
Molybdate Complexes – MoO4
2-
 
Mg
2+
  25.0 ml  25.0 ml   No precipitate  
Al
3+
  20.0 ml  30.0 ml   White precipitate 
Ca
2+
  25.0 ml  25.0 ml   White precipitate 
Mn
2+
  25.0 ml  25.0 ml   Yellow precipitate 
Fe
2+
  25.0 ml  25.0 ml   Dark brown precipitate 
Fe
3+
  12.5 ml  37.5 ml   Green precipitate 
III 
 
Cu
2+
  25.0 ml  25.0 ml   Green precipitate 
Zn
2+  
25.0 ml  25.0 ml   White precipitate 
Sn
2+
  25.0 ml  25.0 ml   Yellow-brown precipitate 
Sn
4+
  16.7 ml  33.3 ml   White precipitate 
Bi
3+
  20.0 ml   30.0 ml   No precipitate 
 
(Hydroxy)Stannate Complexes – Sn(OH)6
2-
 
Mg
2+
  25.0 ml  25.0 ml   White precipitate  
Al
3+
  20.0 ml  30.0 ml   White precipitate 
Ca
2+
  25.0 ml  25.0 ml   White precipitate 
Mn
2+
  25.0 ml  25.0 ml   Cream precipitate 
Fe
2+
  25.0 ml  25.0 ml   Green precipitate 
Fe
3+
  12.5 ml  37.5 ml   Yellow precipitate 
Cu
2+
  25.0 ml  25.0 ml   Blue precipitate 
Zn
2+  
25.0 ml  25.0 ml   Not attempted = ZnSnO3 – Flamtard 
Sn
2+
  25.0 ml  25.0 ml   Brown precipitate 
Sn
4+
  16.7 ml  33.3 ml   White precipitate 
Bi
3+
  20.0 ml   30.0 ml   White precipitate 
 
Tungstate Complexes – WO4
2-
 
Mg
2+
  25.0 ml  25.0 ml   No precipitate  
Al
3+
  20.0 ml  30.0 ml   White precipitate 
Ca
2+
  25.0 ml  25.0 ml   White precipitate 
Mn
2+
  25.0 ml  25.0 ml   Cream precipitate 
Fe
2+
  25.0 ml  25.0 ml   Brown precipitate 
Fe
3+
  12.5 ml  37.5 ml   Yellow precipitate 
Cu
2+
  25.0 ml  25.0 ml   Blue precipitate 
Zn
2+  
25.0 ml  25.0 ml   White precipitate 
Sn
2+
  25.0 ml  25.0 ml   Blue-black precipitate 
Sn
4+
  16.7 ml  33.3 ml   White precipitate 
Bi
3+
  20.0 ml   30.0 ml   Cream precipitiate 
 
Phosphorus-Containing Anions 
Table 5.6 from Chapter 5, detailing the attempted syntheses of the target flame retardant candidates, is 
repeated below for convenience.  
    
 Mg
2+ 
Al
3+ 
Ca
2+ 
Mn
2+ 
Fe
2+ 
Fe
3+
 Cu
2+ 
Zn
2+ 
Sn
2+ 
Sn
4+ 
H2PO2
-
  Y    Y     
H2PO3
-
    Y  Y   Y  
HPO3
2-
 Y Y Y Y Y Y Y Y Y  
PO4
3-
 Y Y Y Y Y Y Y Y Y Y 
P2O7
4-
 Y Y Y Y Y Y Y Y Y  
P3O10
5- 
Y Y Y Y Y Y Y Y Y  
PhPO3 Y Y Y Y Y Y Y Y Y Y 
Key: Green = Early Synthesis. Red = No Precipitate Formed 
 
Hypophosphite Complexes – H2PO2
-
 
Mg
2+
  16.7 ml  33.3 ml   No precipitate 
Al
3+
  12.5 ml  37.5 ml   White precipitate 
Ca
2+
  16.7 ml  33.3 ml   No precipitate 
Mn
2+
  16.7 ml  33.3 ml   No precipitate 
Fe
2+
  16.7 ml  33.3 ml   No precipitate 
Fe
3+
  12.5 ml  37.5 ml   Purple-brown precipitate   
IV 
 
Cu
2+
  16.7 ml  33.3 ml   No precipitate 
Zn
2+  
16.7 ml  33.3 ml   No precipitate 
Sn
2+
  16.7 ml  33.3 ml   No precipitate 
Sn
4+
  10.0 ml  40.0 ml   No precipitate 
 
Hydrogenphosphite Complexes – H2PO3
-
 
Mg
2+
  16.7 ml  33.3 ml   No precipitate 
Al
3+
  12.5 ml  37.5 ml   No precipitate 
Ca
2+
  16.7 ml  33.3 ml   No precipitate 
Mn
2+
  16.7 ml  33.3 ml   Off-white precipitate    
Fe
2+
  16.7 ml  33.3 ml   No precipitate 
Fe
3+
  12.5 ml  37.5 ml   Cream precipitate 
Cu
2+
  16.7 ml  33.3 ml   No precipitate 
Zn
2+  
16.7 ml  33.3 ml   No precipitate 
Sn
2+
  16.7 ml  33.3 ml   White precipitate 
Sn
4+
  10.0 ml  40.0 ml   No precipitate 
 
Phosphite Complexes – HPO3
2-
 
Mg
2+
  25.0 ml  25.0 ml   White precipitate  
Al
3+
  20.0 ml  30.0 ml   White precipitate 
Ca
2+
  25.0 ml  25.0 ml   White precipitate 
Mn
2+
  25.0 ml  25.0 ml   White precipitate 
Fe
2+
  25.0 ml  25.0 ml   Yellow precipitate 
Fe
3+
  12.5 ml  37.5 ml   Cream precipitate 
Cu
2+
  25.0 ml  25.0 ml   Blue precipitate 
Zn
2+  
25.0 ml  25.0 ml   White precipitate 
Sn
2+
  25.0 ml  25.0 ml   White precipitate 
Sn
4+
  16.7 ml  33.3 ml   No precipitate 
Phosphate Complexes – PO4
3-
 
Mg
2+
  30.0 ml  20.0 ml   White precipitate  
Al
3+
  25.0 ml  25.0 ml   White precipitate 
Ca
2+
  30.0 ml  20.0 ml   White precipitate 
Mn
2+
  30.0 ml  20.0 ml   Brown precipitate  
Fe
2+
  30.0 ml  20.0 ml   Yellow precipitate  
Fe
3+
  25.0 ml  25.0 ml   Cream-yellow precipitate 
Cu
2+
  30.0 ml  20.0 ml   Blue precipitate 
Zn
2+  
30.0 ml  20.0 ml   White precipitate 
Sn
2+
  30.0 ml  20.0 ml   White precipitate 
Sn
4+
  21.4 ml  28.6 ml   White precipitate 
 
Pyrophosphate Complexes – P2O7
4-
 
Mg
2+
  33.3 ml  16.7 ml   White precipitate 
Al
3+
  28.6 ml  21.4 ml   White precipitate 
Ca
2+
  33.3 ml  16.7 ml   White precipitate 
Mn
2+
  33.3 ml  16.7 ml   White precipitate    
Fe
2+
  33.3 ml  16.7 ml   Green precipitate 
Fe
3+
  28.6 ml  21.4 ml   Cream precipitate  
Cu
2+
  33.3 ml  16.7 ml   Pale blue precipitate  
Zn
2+  
33.3 ml  16.7 ml   White precipitate 
Sn
2+
  33.3 ml  16.7 ml   Off-white precipitate 
Sn
4+
  25.0 ml  25.0 ml   No precipitate 
 
V 
 
 
 
Triphosphate Complexes – P3O10
5-
 
Mg
2+
  33.3 ml  16.7 ml   White precipitate  
Al
3+
  28.6 ml  21.4 ml   White precipitate 
Ca
2+
  33.3 ml  16.7 ml   White precipitate 
Mn
2+
  33.3 ml  16.7 ml   White precipitate    
Fe
2+
  33.3 ml  16.7 ml   Cream precipitate  
Fe
3+
  28.6 ml  21.4 ml   Brown precipitate  
Cu
2+
  33.3 ml  16.7 ml   Blue precipitate    
Zn
2+  
33.3 ml  16.7 ml   White precipitate 
Sn
2+
  33.3 ml  16.7 ml   White precipitate 
Sn
4+
  25.0 ml  25.0 ml   No precipitate 
  
Phenylphosphonate Complexes – PhPO3
2-
 
Mg
2+
  25.0 ml  25.0 ml   White precipitate  
Al
3+
  20.0 ml  30.0 ml   White precipitate 
Ca
2+
  25.0 ml  25.0 ml   White precipitate 
Mn
2+
  25.0 ml  25.0 ml   Cream precipitate 
Fe
2+
  25.0 ml  25.0 ml   Cream precipitate 
Fe
3+
  12.5 ml  37.5 ml   Brown precipitate 
Cu
2+
  25.0 ml  25.0 ml   Blue precipitate 
Zn
2+  
25.0 ml  25.0 ml   White precipitate 
Sn
2+
  25.0 ml  25.0 ml   White precipitate 
Sn
4+
  16.7 ml  33.3 ml   White precipitate 
 
Nitroxy-Containing Anions 
Table 5.7 from Chapter 5, detailing the attempted syntheses of the target flame retardant candidates, is 
repeated below for convenience.  
 
 Mg
2+ 
Al
3+ 
Ca
2+ 
Mn
2+ 
Fe
2+ 
Fe
3+
 Cu
2+ 
Zn
2+ 
Sn
2+ 
Sn
4+ 
Bi
3+ 
[K2Ca]
4+ 
o-NO2
-
 Y Y Y Y Y  Y Y  Y Y - 
sal
-
 Y  Y Y Y  Y Y OIL  Y - 
dmg
- 
Y Y  Y Y Y Y Y Y Y Y - 
Mn(NO2)6
4-
          Y   
Cu(NO2)6
4-
          Y  Y 
Zn(NO2)6
4-
          Y  Y 
Key: Green = Early Synthesis. Red = No Precipitate Formed 
 
Ortho-Nitrophenolate Complexes – C6H4(NO2)O
-
 
Mg
2+
  16.7 ml  33.3 ml   No precipitate  
Al
3+
  12.5 ml  37.5 ml   Orange precipitate 
Ca
2+
  16.7 ml  33.3 ml   Orange precipitate 
Mn
2+
  16.7 ml  33.3 ml   Yellow-brown precipitate 
Fe
2+
  16.7 ml  33.3 ml   Green precipitate 
Fe
3+
  12.5 ml  37.5 ml   Yellow precipitate – no residue on drying 
Cu
2+
  16.7 ml  33.3 ml   Green precipitate 
Zn
2+  
16.7 ml  33.3 ml   Yellow precipitate 
Sn
2+
  16.7 ml  33.3 ml   Yellow precipitate – no residue on drying 
Sn
4+
  10.0 ml  40.0 ml   Orange precipitate 
Bi
3+
  12.5 ml   37.5 ml   Yellow precipitate 
 
 
VI 
 
Salicylaldoxime Complexes – C6H4(CHNOH)O
-
 
Mg
2+
  25.0 ml  25.0 ml   White precipitate 
Al
3+
  25.0 ml  25.0 ml   White, gelatinous precipitate 
Ca
2+
  25.0 ml  25.0 ml   White precipitate 
Mn
2+
  25.0 ml  25.0 ml   Cream precipitate  
Fe
2+
  25.0 ml  25.0 ml   Black precipitate 
Fe
3+
  25.0 ml  25.0 ml   Black solution, no precipitate 
Cu
2+
  25.0 ml  25.0 ml   Green precipitate 
Zn
2+  
25.0 ml  25.0 ml   Cream precipitate  
Sn
2+
  25.0 ml  25.0 ml   Yellow oil  
Sn
4+
  25.0 ml  25.0 ml   White solution, no precipitate  
Bi
3+
  25.0 ml  25.0 ml   White precipitate 
 
Dimethylglyoxime Complexes – C4H7N2O2
- 
Mg
2+
  500.0 ml 25.0 ml    White precipitate 
Al
3+
  500.0 ml 25.0 ml    Cream precipitate 
Ca
2+
  500.0 ml 25.0 ml    Brown solution, no precipitate 
Mn
2+
  500.0 ml 25.0 ml    Peach precipitate  
Fe
2+
  500.0 ml 25.0 ml    Brown precipitate 
Fe
3+
  500.0 ml 25.0 ml    Cream precipitate 
Cu
2+
  500.0 ml 25.0 ml    Black precipitate 
Zn
2+  
500.0 ml 25.0 ml    Cream precipitate  
Sn
2+
  500.0 ml 25.0 ml    White precipitate, pink solution 
Sn
4+
  500.0 ml 25.0 ml    White precipitate 
Bi
3+
  500.0 ml 25.0 ml    White precipitate 
 
Hexanitromanganate Complexes - [Mn(NO2)6]
4-
 
Mg
2+
  33.3 ml  16.7 ml   No precipitate   
Al
3+
  28.6 ml  21.4 ml   No precipitate  
Ca
2+
  33.3 ml  16.7 ml   No precipitate  
Mn
2+
  33.3 ml  16.7 ml   Not attempted = Mn(NO2)2  
   
Fe
2+
  33.3 ml  16.7 ml   Exothermic evolution of NOx  
Fe
3+
  28.6 ml  21.4 ml   Exothermic evolution of NOx  
Cu
2+
  33.3 ml  16.7 ml   Green solution, no precipitate  
  
Zn
2+  
33.3 ml  16.7 ml   No precipitate   
Sn
2+
  33.3 ml  16.7 ml   No precipitate, evolution of NOx  
Sn
4+
  25.0 ml  25.0 ml   Cream-brown precipitate 
Bi
3+
  28.6 ml  21.4 ml   Exothermic evolution of NOx 
2K
+
.Ca
2+
  25.0 ml  25.0 ml   No precipitate 
2NH4
+
.Ca
2+
 25.0 ml  25.0 ml   No precipitate 
  
Hexanitritocuprate Complexes - [Cu(NO2)6]
4- 
Mg
2+
  33.3 ml  16.7 ml   No precipitate    
Al
3+
  28.6 ml  21.4 ml   No precipitate 
Ca
2+
  33.3 ml  16.7 ml   No precipitate 
Mn
2+
  33.3 ml  16.7 ml   No precipitate   
Fe
2+
  33.3 ml  16.7 ml   Exothermic evolution of NOx  
Fe
3+
  28.6 ml  21.4 ml   Exothermic evolution of NOx  
Cu
2+
  33.3 ml  16.7 ml   Not attempted = Cu(NO2)2   
Zn
2+  
33.3 ml  16.7 ml   No precipitate    
VII 
 
Sn
2+
  33.3 ml  16.7 ml   No precipitate, evolution of NOx   
Sn
4+
  25.0 ml  25.0 ml   Blue precipitate 
Bi
3+
  28.6 ml  21.4 ml   Exothermic evolution of NOx  
2K
+
.Ca
2+
  25.0 ml  25.0 ml   Green precipitate 
2NH4
+
.Ca
2+
 25.0 ml  25.0 ml   Green precipitate, evolution of clear gas 
(NO/NH4/N2?) 
 
Hexanitritozincate Complexes - [Zn(NO2)6]
4-
 
Mg
2+
  33.3 ml  16.7 ml   No precipitate   
Al
3+
  28.6 ml  21.4 ml   No precipitate  
Ca
2+
  33.3 ml  16.7 ml   No precipitate  
Mn
2+
  33.3 ml  16.7 ml   No precipitate  
Fe
2+
  33.3 ml  16.7 ml   Exothermic evolution of NOx  
Fe
3+
  28.6 ml  21.4 ml   Exothermic evolution of NOx  
Cu
2+
  33.3 ml  16.7 ml   Green solution, no precipitiate    
Zn
2+  
33.3 ml  16.7 ml   Not attempted = Zn(NO2)2   
Sn
2+
  33.3 ml  16.7 ml   No precipitate, evolution of NOx  
Sn
4+
  25.0 ml  25.0 ml   Cream precipitate 
Bi
3+
  28.6 ml  21.4 ml   Exothermic evolution of NOx 
2K
+
.Ca
2+
  25.0 ml  25.0 ml   White precipitate 
2NH4
+
.Ca
2+
 25.0 ml  25.0 ml   White precipitate, evolution of clear gas 
(NO/NH4/N2?) 
 
While it was determined that an adduct ion of nitrite with boric acid can be produced (B(OH)3.NO2
-
), in trial 
reactions no precipitates were formed with any of the cations tested, and as such these results are omitted.  
 
Other Compounds 
Several other compounds which do not fit into the above matrices were prepared. These are listed below: 
 
Compound    Description  Preparation Method 
WO3     Yellow precipitate Acidification of Na2WO4 with HCl 
MoO3     White precipitate Acidification of Na2MoO4 with HCl 
Ammonium silico and phosphomolybdates Yellow precipitates NH4Cl with H3(P/Si)Mo12O40 
Ammonium silico and phosphotungstates White precipitates NH4Cl with H3PW12O40/H4SiW12O40 
    
 
 
  
VIII 
 
Appendix 2 – Summary of TGA/DTA Screening Data 
 
Sample TGA DTG DTA 
  
Anion Cation 5% 10% 50% 580 1 2 3 4 5 1 2 3 4 5 6 
  
PA66 Pellet 397 420 461 0 443 463 473 544 
 
-271 399 -461 542 
    
PA66 Powder 373 409 459 0 450 467 535 
  
-261 381 -442 -458 535 
   
B(OH)4
- Mg 152 356 441 11.7 234 437 499 516 
 
-258 362 495 
     
 
Al 310 405 462 15.1 450 467 535 
  
-261 381 -442 -458 535 
   
 
Ca 149 357 446 18.7 434 446 528 
  
-261 363 -410 432 451 527 
  
 
Mn 159 337 441 24.2 431 450 513 
  
-260 345 434 455 510 
   
 
Fe(II) 294 380 444 14.2 341 430 446 511 
 
-262 340 391 504 
    
 
Fe(III) 326 378 432 14.6 414 465 534 
  
-262 -404 -460 531 
    
 
Cu 149 357 446 18.7 434 446 528 
  
-261 363 -410 432 451 527 
  
 
Zn 297 352 443 22.8 384 468 533 
  
-261 354 -386 476 534 
   
 
Sn(II) 335 359 447 24.4 348 386 458 557 
 
-260 355 -390 -447 557 
   
 
Sn(IV) 344 381 415 16.7 401 468 562 
  
-261 373 -401 558 
    
 
Bi 359 376 449 20 382 411 436 472 544 -261 346 -384 485 544 
   
CO3
2- Mg 233 304 387 15.7 348 366 399 432 
 
308 401 433 
     
 
Al 147 331 456 16.4 433 440 
   
-261 375 441 
     
 
Ca 362 388 436 22.8 408 436 509 
  
-258 438 507 
     
 
Mn 321 347 380 8.7 376 442 511 
  
-258 387 510 
     
 
Fe (II) 282 353 410 18.2 406 463 499 
  
258 410 464 494 
    
 
Cu 253 306 427 16.6 248 309 401 428 489 313 427 485 
     
 
Zn 270 333 387 15.5 283 386 457 520 
 
-259 393 520 
     
 
Sn (II) 347 370 431 9.1 350 430 467 557 
 
-261 377 430 467 544 
   
 
Sn (IV) 337 377 443 31.3 396 455 551 
  
-253 403 455 550 
    
 
Bi 357 385 457 17.6 460 537 
   
-262 473 539 
     
C2O4
2- Mg 224 396 443 3.3 211 440 512 523 
 
-216 -259 381 -415 513 523 
  
 
Ca 265 382 452 19.1 155 443 470 498 
 
-160 -258 379 479 496 
   
 
Mn 140 369 396 8.0 132 392 410 441 475 -138 -261 390 440 480 
   
 
Fe (II) 196 258 422 10.6 190 262 430 484 
 
-196 271 323 483 
    
 
Cu 285 297 422 11.0 295 403 456 466 502 -257 322 414 503 
    
 
Zn 147 351 404 10.7 144 369 425 464 550 -150 -260 -374 -423 488 545 
  
 
Sn (II) 302 333 418 11.1 311 405 460 552 
 
-259 323 -395 472 548 
   
 
Bi 283 336 452 14.5 287 454 530 
  
-261 334 -389 464 529 
   
HO- Mg 338 353 382 13.8 374 478 529 
  
-257 383 479 527 
    
 
Mn 343 359 397 16.0 383 460 525 
  
-260 387 445 524 
    
 
Fe (II) 357 386 441 13.7 438 522 
   
-259 438 518 
     
 
Fe (III) 386 375 455 25.3 421 476 514 
  
-259 428 512 
     
 
Cu 320 371 446 19.4 343 427 444 506 
 
-259 346 446 500 
    
 
Zn 340 368 444 22.3 370 413 463 535 
 
-259 418 460 517 
    
 
Sn (II) 341 366 456 23.4 392 462 562 
  
-259 368 471 565 
    
 
Sn (IV) 331 382 428 18.8 418 556 
   
-258 417 433 553 
    
 
Bi 334 383 448 20.7 345 433 445 494 
 
-260 344 -402 467 495 467 495 
 
Al(OH)4
- Mg 183 323 417 19.3 412 510 
   
-262 -401 511 
     
 
Ca 241 358 417 16.9 415 464 508 
  
-260 363 -401 431 474 509 
  
 
Mn 257 347 420 18.3 253 386 401 409 450 -261 354 -387 440 
    
 
Fe (II) 237 372 448 24.8 349 437 473 519 
 
-262 347 492 519 
    
IX 
 
 
Fe (III) 247 356 425 19.1 258 408 464 513 
 
262 372 406 507 512 
   
 
Cu 197 296 419 21.1 328 341 412 489 
 
-260 340 423 444 486 
   
 
Zn 196 336 431 18.8 180 425 458 507 
 
-186 -262 359 434 477 502 
  
 
Sn (II) 315 375 439 21.6 239 422 465 544 
 
-260 358 -400 454 540 
   
 
Sn (IV) 211 397 452 20.5 430 453 538 
  
-262 379 419 489 539 
   
 
Bi 227 341 454 18.2 393 464 477 507 
 
-261 331 -393 481 509 
   
Si(OH)4
-
 Mg 311 391 444 13.3 444 470 527 
  
-261 444 492 525 
    
 
Al 270 360 460 21.2 356 458 498 
  
-261 368 464 499 
    
 
Ca 299 388 441 17.3 443 467 
   
-260 446 465 
     
 
Mn 240 369 445 16.0 439 462 
   
-261 475 
      
 
Fe (II) 273 385 449 13.6 449 509 
   
-260 449 505 
     
 
Fe (III) 332 378 439 14.9 420 467 515 
  
-259 514 
      
 
Cu 238 329 426 20.2 333 350 421 484 
 
-259 349 439 485 
    
 
Zn 157 383 455 24.1 434 547 
   
-261 481 544 
     
 
Sn (II) 345 375 447 24.9 415 459 561 
  
259 421 472 555 
    
 
Sn (IV) 336 404 453 27.4 439 542 
   
260 449 543 
     
MoO4
2-
 Al 308 391 462 18.8 257 354 461 525 546 -259 384 486 525 
    
 
Ca 387 419 466 20.0 368 463 530 
  
-259 388 480 529 
    
 
Mn 346 378 422 11.6 399 437 467 509 
 
-259 365 401 477 508 
   
 
Fe (II) 304 384 454 17.5 302 448 536 
  
-259 299 472 530 
    
 
Fe (III) 341 387 454 24.0 204 435 467 522 
 
-211 -260 307 479 520 
   
 
Cu 335 353 450 24.5 357 420 465 511 564 -262 356 -395 481 510 563 
  
 
Zn 311 352 456 31.1 400 460 507 
  
-260 349 466 510 
    
 
Sn (II) 336 383 450 18.0 450 531 
   
-258 450 524 
     
 
Sn (IV) 355 401 457 8.4 388 459 532 
  
-259 383 471 529 
    
Sn(OH)6
2- Mg 216 356 405 17.2 239 401 445 519 
 
-257 388 419 449 520 
   
 
Al 343 392 438 13.4 359 422 556 
  
-259 289 -420 485 540 
   
 
Ca 304 373 412 19.8 409 446 511 
  
-259 372 428 449 517 
   
 
Mn 216 356 405 17.2 239 401 445 519 
 
-257 388 419 449 520 
   
 
Fe (II) 348 374 435 7.6 242 440 515 
  
248 -259 304 459 517 
   
 
Fe (III) 360 380 428 17.4 354 397 463 519 
 
-259 357 -396 460 517 
   
 
Cu 228 359 422 17.9 224 383 416 475 
 
-229 -260 378 470 
    
 
Sn (II) 343 373 427 19.1 399 414 461 541 
 
257 427 470 540 
    
 
Sn (IV) 354 388 428 8.5 420 467 541 
  
-258 377 -406 471 538 
   
 
Bi 349 388 453 20.1 356 459 493 556 
 
-261 426 473 547 
    
WO4
2-
 Al 358 411 468 27.4 366 458 536 
  
-260 387 -456 489 534 
   
 
Ca 375 399 447 16.8 369 387 438 531 
 
-260 377 460 526 
    
 
Mn 351 399 461 24.1 186 365 449 473 510 -192 -260 369 439 475 508 
  
 
Fe (II) 335 385 451 13.0 337 450 523 
  
-260 338 480 513 
    
 
Fe (III) 333 385 446 23.7 332 431 513 
  
-260 333 437 471 509 
   
 
Cu 329 385 441 22.4 349 428 509 
  
-260 347 459 497 
    
 
Zn 364 384 463 32.5 413 468 566 
  
-259 -404 481 580 
    
 
Sn (II) 343 364 455 26.9 396 462 539 
  
-260 355 -395 467 581 
   
 
Sn (IV) 359 389 458 22.2 368 442 468 545 
 
-260 370 468 537 
    
 
Bi 345 384 445 15.0 359 425 466 571 
 
-261 368 -423 474 562 
   
H2PO2
- Al 330 351 462 37.2 327 369 458 556 
 
-260 326 511 
     
 
Fe (III) 348 362 476 40.7 368 467 
   
227 377 
      
X 
 
H2PO3
- Mn 363 406 457 23.3 545 532 
   
-258 451 499 545 
    
 
Fe (III) 329 378 453 25.5 408 468 542 
  
-259 472 537 
     
 
Sn (II) 365 393 460 34.2 438 
    
-259 452 577 
     
HPO3
2- Mg 229 386 460 20.0 451 462 
   
-258 462 
      
 
Al 337 398 456 17.0 454 550 
   
-258 448 538 
     
 
Ca 311 386 438 22.8 266 436 470 500 
 
-258 438 472 490 
    
 
Mn 315 400 463 17.6 447 465 
   
-258 464 
      
 
Fe (II) 294 383 452 19.5 450 513 
   
-257 332 452 512 
    
 
Fe (III) 320 375 451 26.1 339 423 438 510 
 
342 439 503 
     
 
Cu 176 330 416 31.4 177 365 436 
  
186 289 448 487 553 
   
 
Zn 336 389 463 26.9 464 561 
   
-258 415 474 554 
    
 
Sn (II) 371 397 453 27.6 442 
    
-258 446 561 
     
PO4
3- Mg 166 365 447 22.2 435 498 
   
-259 342 470 495 
    
 
Al 233 375 463 19.7 460 496 
   
-260 346 466 493 
    
 
Ca 335 396 462 18.4 463 504 
   
-260 394 467 502 
    
 
Mn 278 378 450 22.9 448 521 
   
-260 384 453 521 
    
 
Fe (II) 156 341 444 18.9 347 438 487 
  
-260 350 444 
     
 
Fe (III) 185 362 452 18.3 344 449 498 
  
-261 348 450 491 
    
 
Cu 291 338 407 19.4 351 440 
   
369 439 454 
     
 
Zn 377 334 453 27.3 413 468 539 
  
-260 366 447 475 543 
   
 
Sn (II) 339 356 456 27.7 377 467 
   
-258 389 468 576 
    
 
Sn (IV) 359 397 454 18.7 444 547 
   
-261 385 485 539 
    
P2O7
4- Mg 293 391 462 19.3 463 
    
-260 468 509 
     
 
Al 147 389 442 18.3 435 471 
   
-260 391 445 498 
    
 
Ca 304 393 459 20.2 458 
    
-261 490 
      
 
Mn 304 392 459 16.9 456 511 544 
  
-261 389 458 504 
    
 
Fe (II) 278 377 453 18.4 448 564 
   
-260 383 562 
     
 
Fe (III) 130 365 448 19.2 436 
    
-261 401 559 
     
 
Cu 246 394 455 22.4 386 459 
   
-261 469 500 
     
 
Zn 248 378 461 27.1 453 
    
-258 461 502 
     
 
Sn (II) 379 407 459 25.7 455 555 
   
-260 399 482 536 
    
P3O10
5- Mg 333 398 456 24.9 434 455 540 
  
-258 434 452 472 535 
   
 
Al 179 367 444 18.3 443 
    
-256 440 499 
     
 
Ca 283 384 451 22.3 448 540 
   
-258 445 534 
     
 
Mn 345 395 450 23.8 439 548 
   
-258 439 537 
     
 
Fe (II) 235 370 446 23.3 439 567 
   
-258 435 562 
     
 
Fe (III) 197 358 446 23.2 398 462 560 
  
-259 474 550 
     
 
Cu 310 363 452 24.3 378 466 543 
  
-259 531 
      
 
Zn 373 397 448 23.0 441 553 
   
-258 435 547 
     
 
Sn (II) 370 396 462 30.1 450 554 
   
-258 447 471 553 
    
PhPO3 Mg 360 411 470 12.9 446 468 542   
-258 470 532 
     
 
Al 342 378 463 19.8 363 441 465 562 
 
-258 365 468 548 
    
 
Ca 296 368 458 14.5 352 457 519 
  
-257 354 455 493 
    
 
Mn 340 403 457 12.8 443 461 
   
-258 463 496 
     
 
Fe (II) 334 393 444 15.0 421 440 573 
  
-258 343 419 539 
    
 
Fe (III) 327 377 440 19.5 342 428 532 
  
-258 349 440 520 
    
 
Cu 327 367 447 14.8 339 397 444 521 
 
-257 339 397 450 512 
   
XI 
 
 
Zn 352 385 450 12.9 373 452 
   
-258 373 453 563 
    
 
Sn (II) 344 372 475 26.7 371 445 557 
  
-258 369 450 546 
    
 
Sn (IV) 352 390 448 21.3 427 468 
   
-258 434 465 578 
    
o-NO2
-
 Al 83 234 451 9.0 443 453 462 536 
 
-259 384 440 453 464 500 
  
 
Ca 277 299 408 4.8 130 294 393 455 507 274 528 473 
     
 
Mn 250 276 404 1.2 279 292 399 449 
 
-257 294 351 443 
    
 
Fe (II) 237 325 423 10.5 244 333 392 438 489 332 394 490 
     
 
Cu 277 299 408 4.8 130 294 393 455 507 274 528 473 
     
 
Zn 192 331 447 27.1 184 362 419 455 573 -188 -259 -355 379 455 570 
  
 
Sn (IV) 330 380 417 13.1 402 456 532 
  
-258 -399 432 466 529 
   
 
Bi 364 398 456 21.4 440 470 542 
  
-261 343 377 416 432 480 540 
 
sal
-
 Mg 187 232 369 2.6 183 221 349 464 548 -188 225 -260 -347 546 
   
 
Ca 171 291 398 6.7 166 210 372 446 522 -167 -256 305 356 389 447 492 525 
 
Mn 228 304 388 6.0 217 311 372 386 452 -258 312 372 388 434 450 
  
 
Fe (II) 216 315 434 5.2 333 392 438 489 
 
-256 332 394 490 
    
 
Cu 228 256 420 5.8 166 210 372 446 522 233 278 322 359 453 
   
 
Zn 218 329 410 1.3 215 382 443 465 541 -260 344 -377 471 535 
   
 
Bi 117 207 435 7.0 206 354 469 543 
 
-261 358 464 494 543 
   
dmg- Mg 176 198 376 1.7 204 379 448 537 
 
-199 -259 378 468 537 
   
 
Al 174 190 447 0.0 191 462 529 
  
-194 -259 380 462 480 510 
  
 
Mn 176 198 376 1.7 204 379 448 537 
 
-199 -259 378 468 537 
   
 
Fe (II) 162 183 435 0.0 189 205 346 444 510 213 -257 344 505 
    
 
Fe (III) 169 187 446 0.2 197 350 459 528 
 
-196 -258 347 -425 491 525 
  
 
Cu 218 236 454 5.1 223 359 456 507 
 
228 359 499 
     
 
Zn 167 194 410 6.3 183 387 459 511 
 
-183 -259 355 460 508 
   
 
Sn (II) 174 193 432 1.8 203 441 553 
  
-201 -259 372 475 551 
   
 
Sn (IV) 175 202 406 13.3 194 360 397 461 557 -188 -259 363 -387 458 478 553 
 
 
Bi 194 336 452 13.5 181 340 446 462 529 -261 337 397 473 526 
   
Mn(NO2)6
4- Sn (IV) 376 394 444 16.7 417 470 546 
  
-259 -413 542 
     
Cu(NO2)6
4- Sn (IV) 357 392 440 18.4 416 465 545 
  
-260 375 -411 453 462 479 542 
 
 
2K.Ca 237 311 431 19.4 251 420 504 511 
 
-219 330 -396 433 511 
   
Zn(NO2)6
4- Sn (IV) 371 397 453 24.4 415 467 541 557 
 
-259 371 -408 473 534 
   
 
2K.Ca 235 346 397 18.1 132 387 466 509 
 
-141 -256 -385 506 
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Appendix 3 – Synthesis Characterisation Spectra 
 
Zinc Oxalate 
 
 
TGA/DTA: H2O and CO/CO2 mass losses match theoretical value (18% and 38% respectively). 
 
 
XRD: Observed spectrum (red) matches reference spectrum (blue). N.B. slight shift due to height of sample 
holder. 
 
 
FTIR: Matches reference below. 
 
 
FTIR reference spectrum, N.B. inverse X-axis.  
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Iron Aluminate 
 
 
TGA/DTA (Air/N2): This shows the loss of water at c.a. 260 
o
C under both atmospheres. The difference in 
residue at c.a. 600 
o
C indicates approximately 1/3 of the Fe content of this compound exists in the +2 
oxidation state. 
 
 
XRD: Shows the presence of Al(OH)3 
 
 
FTIR: Multiphasic compound, although commonality exists between peaks above (O-H @ 3700-3400 cm
-1
) 
and referenced example (Table 6.3). 
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Zinc Molybdate 
 
 
TGA/DTA: mass loss at c.a. 300 
o
C is equivalent to loss of water from monohydrate (7%) 
 
 
FTIR: matches literature references (Table 6.3). 
 
 
XRD: Compound is multiphasic, no match to ZnMoO4 reference spectra.  
XV 
 
Aluminium Tungstate 
 
 
TGA/DTA: Mass loss observed closely matches that for dehydration of a dihydrate (12 %). Note DTA phase 
change at 590 
o
C. 
 
 
XRD: Materials is amorphous as produced. Shown spectrum is for material calcined at 800 
o
C, matching 
reference. 
 
 
FTIR: No reference spectrum could be found. Peak at c.a. 3400 cm
-1
 is likely that of water of hydration (O-H 
stretch). 
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Zinc Tungstate 
 
 
TGA/DTA: Observed mass loss matches that of a monohydrate (5%). N.B. phase change at c.a. 390 
o
C. 
 
 
XRD: Material is amorphous as produced, when calcined at 800 
o
C, the spectrum above is recorded, 
matching the reference. 
 
 
FTIR: Recorded spectrum matches reference examples (Table 6.3). Peak at 3300 cm
-1
 is likely water of 
hydration (O-H stretch). 
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Tin (II) Tungstate 
 
 
TGA/DTA (Air/N2): Mass loss (N2) matches that of a hemihydrate (2%). The difference between air and 
nitrogen at 600 
o
C corresponds to Equation 6.16. There is a phase change at c.a. 380 
o
C under nitrogen. 
 
 
XRD: Crystalline spectrum matches known reference.  
 
 
FTIR: Spectrum matches references (Table 6.3). Peak at 3300 cm
-1
 is likely waters of hydration (O-H stretch).  
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Tin (II) Oxide 
 
 
TGA/DTA: Observed mass increase corresponds to Equation 6.20. 
 
 
FTIR: No reference spectrum exists.  
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Iron (III) Hypophosphite 
 
 
TGA/DTA: Phase change at c.a. 230 
o
C occurs with limited loss of mass, with a c.a. 5% mass loss by 500 
o
C.  
 
 
XRD: Observed spectrum matches known reference. 
 
 
FTIR: Several of the observed peaks match H2PO2 spectrum. 2400 cm
-1
 = P-H, 1120 and 1030 cm
-1
 are P-O 
and P=O. 
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Tin (II) Hydrogen Phosphite 
 
 
TGA/DTA: Note melting point (325 
o
C), followed by exotherm (phase change), and oxidation of Sn from 550 
o
C.  
 
 
FTIR: Bands at 2400 and 1100-950 cm
-1
 likely correspond to P-H and P-O bonds. 
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Tin (II) Phenylphosphonate 
 
 
TGA/DTA: Note oxidation of Sn from 350 
o
C followed by loss of Ph from 425 
o
C. 
 
 
FTIR: Note C-H peaks (3000 cm
-1
), Ph interactions (1800-1400 cm
-1
) and P-O and P=O interactions (1100-900 
cm
-1
) 
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Nitroxy Complexes 
 
 
TGA/DTA: Mass losses from the three stannic nitroxymetallate complexes. Mass losses are lower than 
expected value for SnM(NO2)6  SnMO3 + 3NO + 3NO2. 
 
 
XRD: KCl and KNO3 contamination of compounds. Amorphous SnO2 on right matches references (Table 6.3).  
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Appendix 4 - Synthesis Optimisation Study 
 
Introduction 
This report details the efforts and results for the optimisation of synthesis on the four most promising flame 
retardant candidates produced thus far. Having characterised the compounds using XRD, the next logical 
step was to review the synthesis and explore key variables that would allow for purer product, smaller 
particles and allow reaction monitoring for a better understanding the chemistry occurring during the 
addition process. The compounds are: 
 AlW (aluminium tungstate, Al2(WO4)3) 
 SnW (stannous tungstate, SnWO4) 
 FeAl (iron aluminate, FeAl2O4) 
 ZnW (zinc tungstate, ZnWO4) 
 
Initial Syntheses 
The initial large batch reactions were scaled to give a theoretical yield of 100 g of hydrated product, formed 
by the precipitation reaction between the sodium salt of the anion and chloride/nitrate salt of the cation. 
The reagents were prepared as 1 mol/dm
3
 aqueous solutions of the appropriate masses and volumes to 
achieve a charge-neutral mixture in the final product for a 100 g batch. The equations for the syntheses of 
each compound, with molar values, molar masses, required amounts of starting material and volumes of 
solute water were as follows: 
 
Complex Cation Sol
n
 Complex Anion Sol
n
  Complex Slurry  By Products 
2Al(NO3)3.9H2O +  3Na2WO4.2H2O    Al2(WO4)3.6H2O +  6NaNO3 + 18H2O 
375.13 (x2)   329.85 (x3)    905.57   
0.220 mol  0.330 mol   0.110 mol 
82.53 g   108.85 g    100 g 
250 ml   350 ml 
 
SnCl2 +    Na2WO4.2H2O     SnWO4.2H2O +   2NaCl 
189.62   329.85    402.58 
0.248 mol  0.248 mol   0.248 mol 
47.03 g   81.80 g    100 g 
250 ml   250 ml 
 
FeCl2.4H2O +   Na2O.Al2O3 + 4H2O    Fe[Al(OH)4]2 +   2NaCl + 4H2O 
198.81   163.94    245.87  
0.407 mol  0.407 mol   0.407 mol  
80.92 g   66.72 g    100 g 
400 ml   400 ml 
 
ZnCl2 +    Na2WO4.2H2O    ZnWO4.2H2O +   2NaCl 
136.30   329.85    349.37 
0.286 mol  0.286 mol   0.286 mol 
38.98 g   94.34 g    100 g 
300 ml   300 ml 
 
Each synthesis was performed by the addition of the complex cation solution to the complex anion solution 
at room temperature (~25 
o
C), with vigorous stirring. The cation solution was added slowly in approximately 
2 ml aliquots by pipette, the anion solution held in a 1000 ml beaker on a stirrer hotplate equipped with a 
magnetic stirrer bar. Once the addition was complete, the reaction mixture was made up to 1000 ml with 
water and allowed to mature for 30 minutes at room temperature with stirring to ensure complete 
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reaction. After this period the solid was collected by Buchner filtration, washed with 1000 ml of water and 
allowed to pull dry under air, followed by drying overnight at 80 
o
C.  
 
Synthesis Optimisation 
To optimise the syntheses, a large number of possible factors could potentially be varied, although two of 
the more controllable and noticeable effects on purity and particle size are reaction temperature and 
concentration of reagents. It was proposed to repeat the control syntheses with monitoring of pH, redox 
and temperature throughout the course of the addition, and to perform syntheses at higher temperature, 
and lower concentration, keeping all other factors constant.  
 
The monitored control reactions were performed as described above, with a slightly lower ambient 
temperature (~15 
o
C), and the pipette transfer of reagents replaced by a peristaltic pump. Monitoring was 
achieved using a digital pH meter (calibrated to pH 4 and 7), a digital thermometer (fuzzy logic controller 
operating in monitoring mode) and a digital redox meter. Readings of temperature, pH and redox were 
taken before addition, after every 50 ml of addition of cation solution, at the end of addition, and after the 
30 minute maturation period.  
 
The higher temperature reactions were performed as per the control syntheses, with the exception of the 
anion solution being held at 65 
o
C, heated by a stirrer hotplate equipped with a fuzzy logic controller. The 
cation solution was added using a peristaltic pump.  
 
The lower concentration reactions were performed as per the control, with the exception of the reagent 
solutions prepared at 0.1 mol/dm
3
 concentration. The cation solution was added by peristaltic pump. 
 
After maturation, all products were isolated by Buchner filtration, washed with approx 1000 ml of water 
and dried at 110 
o
C overnight. The dried solids were weighed to ascertain the yield, and the reaction liquors 
weighed and retained for further analysis. 
 
Results 
Reaction Monitoring 
The reaction profiles of temperature, pH and redox as functions of cation solution added for the four 
compounds are shown below in Figs 1-3, overlaid for each measurement. 0% addition represents the anion 
solution before the reaction, 100% represents the measurements taken just after completion of the 
addition, and 125% is after the 30 minute maturation period. The percentage addition is used to give an 
equal scale for all compounds as different volumes were required for each addition.  
 
 
Fig 1: Temperature profile of each reaction with cation addition volume. It can be seen that the SnW, ZnW 
and FeAl reactions are all slightly exothermic, whereas AlW displays little change in temperature across the 
addition. 
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Fig 2: pH profile of each reaction with cation addition volume.   The pH of FeAl varies little from pH 13 
across the addition due to the caustic nature of the sodium aluminate solution. Those of AlW, SnW and 
ZnW all show a drop in pH towards the end of the addition, starting around pH 9 for the virgin sodium 
tungstate solution and trending towards pH 2.5, pH 3.5 and pH 6 respectively for SnW, AlW and ZnW. 
 
 
Fig 3: Redox profile of each reaction with cation addition volume. AlW shows a slight increase in redox 
towards the end of the reaction, likely due to the accumulation of nitrate anions in the liquor. SnW shows a 
drop in redox initially due to the addition of reducing tin (II) cations to the solution, increasing towards the 
end of the reaction. ZnW displays a minimal change in redox across the course of the addition, and FeAl 
shows a large decrease of almost 800 mV due to the addition of reducing iron (II) cations to the solution, 
corresponding to the Fe
2+
/Fe
3+
 redox pair. 
 
Yields 
The yields of each reaction are measured as the amount of dried product obtained in g, as the reactions are 
scaled to give 100 g of dry, hydrated product. The yields obtained from each of the process variations are 
shown in the table below. The low concentration results are multiplied by 10 to account for the magnitude 
lower concentration used in the reaction. The percentage yields attained during the initial large-scale 
batches are also included. 
 
Table 1: Percentage yields of initial, repeat control, high temperature and low concentration reactions. 
Compound Initial (g) Control (g) High Temp (g) Low Conc (g x 10) 
AlW  92.2  79.2  65.8  64 
SnW  94.0  90.0  96.4  92 
ZnW  86.9  91.2  78.2  76 
FeAl  97.7  78.9  71.8  72 
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There is some disparity in the yield results from the initial batches when compared to the experiments 
described in this report. This could be due to the different filtering and drying method employed; the initial 
batches were dried at 80 
o
C, whereas the batches prepared for this report were dried at 110 
o
C, and the 
initial batches were filtered on a No.1 filter paper, whereas the batches prepared for this report were 
filtered on a No. 3 filter paper. TGA/DTA analysis of the produced compounds allowed for the 
determination of the state of hydration compared to the theoretical hydrated products. The equations 
associated with the theoretical mass losses for dehydration are shown below. 
 
AlW: Al2(WO4)3.6H2O   Al2(WO4)3  + 6H2O 
905.57    797.48 
Mass loss: 11.9% 
 
SnW: SnWO4.2H2O   SnWO4  + 2H2O 
402.58    366.55 
Mass loss: 8.9% 
 
ZnW: ZnWO4.2H2O    ZnWO4  + 2H2O 
349.37    313.24 
Mass loss: 10.3% 
 
FeAl: Fe[Al(OH)4]2   FeAlO4  + 4H2O 
245.87    173.80 
Mass loss: 29.3% 
 
The mass losses observed by TGA/DTA analysis, an indication of the state of hydration, are shown in the 
Table 2 below, given as % residue. It can be seen that the initial batches display lower percentage residues 
than the repeat control, high temperature and low concentration batches, although not so disparate from 
the initial results to explain the low yields observed for the three later repeats of the initial experiments.  
 
Table 2: Residual percentage yields measured by TGA/DTA analysis at 600 
o
C.  
Compound Initial Control High T Low Conc 
AlW  88.0 91.3 89.9 87.5 
SnW  97.4 98.5 98.8 96.3 
ZnW  93.8 95.3 95.4 93.8 
FeAl  76.5 76.8 78.7 77.0 
 
Solid Analysis 
Each solid was analysed for sodium and chloride by atomic absorption spectroscopy and ion selective 
electrode respectively. The results are show in Table 3 below.  
 
Table 3: Sodium and chloride analysis of the produced solids.  
Compound Na (%) Cl (%)  Compound Na (%) Cl (%) 
AlW  0.324 -  ZnW  1.447 0.570 
AlW high T 0.347 -  ZnW high T 0.345 0.160 
AlW low C 0.178 -  ZnW low C 0.671 0.310 
SnW  0.343 0.258  FeAl  0.120 1.940 
SnW high T 0.207 1.620  FeAl high T 0.140 1.041 
SnW low C 0.333 0.390  FeAl low C 0.103 0.764 
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Liquor Analysis 
The liquors of each reaction were retained and weighed prior to any analysis. The results are shown in the 
table below. Sodium, aluminium, tin, zinc and iron were determined by atomic absorption spectroscopy, 
and chloride by ion selective electrode. The liquors were acidified prior to AAS analysis. The results are 
shown in Table 4 below. 
 
Table 4: Summary of the ion contents of the reaction liquors.  
Compound Amt (g) Na (%) Cl (%) Al (%) Sn (%) Zn (%) Fe (%)   
AlW  1742 0.89 - 0.036 - - - 
AlW high T 1467 1.10 - 0.081 - - - 
AlW low C 1450 0.013 - 0.007 - - - 
SnW   1787 0.78 0.84 - 0.097 - - 
SnW high T 1541 0.78 0.72 - 0.061 - - 
SnW low C 1208 0.11 0.14 - 0.037 - - 
ZnW  1677 0.76 0.91 - - 0.061 - 
ZnW high T 1468 0.86 1.08 - - 0.072 - 
ZnW low C 1190 1.21 0.14 - - 0.014 - 
FeAl   1676 1.79 1.41 0.49 - - 0 
FeAl high T 1418 1.77 1.80 0.77 - - 0 
FeAl low C 1279 0.22 0.22 0.079 - - 0 
 
By-product Tracking 
By measuring the levels of sodium and chloride in the solid and liquor, it is possible to track the by-products 
of the reaction and determine which reaction conditions lend themselves to lower levels in the final 
complex and more effective filtration. The calculated amounts of sodium and chloride produced by each 
reaction and the amount detected in solid and liquor for each reaction is shown in Table 5 below.  
 
Table 5: By product levels in liquor and solids. All units are in g. 
Compound Theoretical Measured Liq     Measured Solid  
  Na Cl Na Cl Al Sn Zn Fe Na Cl 
AlW  15.17 - 15.50 - 0.627 - - - 0.257 - 
AlW high T 15.17 - 16.10 - 1.188 - - - 0.228 - 
AlW low C 1.517 - 0.189 - 0.102 - - - 0.0113 - 
SnW   11.41  17.61 13.90 15.01 - 1.733 - - 0.300 0.230 
SnW high T 11.41  17.61 12.01 11.10 - 0.940 - - 0.199 1.560 
SnW low C 1.141 1.761 1.329 1.691 - 0.447 - - 0.031 0.036 
ZnW  13.16 20.31 12.75 15.26 - - 1.023 - 1.320 0.520 
ZnW high T 13.16 20.31 12.63 15.85 - - 1.057 - 0.277 0.125 
ZnW low C 1.316 2.031 1.440 1.666 - - 0.167 - 0.051 0.025 
FeAl   18.72 28.90 30.00 23.63 8.210 - - 0.000 0.095 1.207 
FeAl high T 18.72 28.90 25.10 25.52 10.91 - - 0.000 0.101 0.747 
FeAl low C 1.872 2.890 2.810 2.814 1.010 - - 0.000 0.007 0.055 
 
It can be seen that there is some disparity in the theoretical sodium and chloride totals and the measured 
total in both solid and liquors, and some results display larger than expected values, which will require 
repeats of the analyses to be run. A degree of inaccuracy can be attributed to the large dilutions required 
for analysis of sodium (max 10 ppm) and chloride (100 ppm). A general trend can be observed, however, 
that the reactions performed at higher temperature result in a lower amount of sodium and chloride 
present in the final product.  
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Particle Sizes 
Particle sizes were determined by laser diffraction. Each solid was first subjected to an ultrasonic bath to 
break up the agglomerates and create a dispersion in water. The results are shown in Table 6 below. Some 
compounds appeared to re-agglomerate as the measurements were being taken, particularly ZnW.  
 
Table 6: Summary of particle sizes of produced material. All measurements are in micrometres (µm). 
Compound D10 D50 D90 D100  
AlW initial 0.703 2.1 7.056 18.1 
AlW  0.56 1.9 6.5 17.2 
AlW high T 0.70 3.7 34.3 661.9 
AlW low C 0.82 3.2 9.9 424.4 
SnW initial 0.436 1.4 6.060 18.1 
SnW   0.51 1.2 6.1 146.3 
SnW high T 0.46 1.1 3.5 22 
SnW low C 0.80 10.8 577.3 1091 
ZnW initial 0.488 1.4 4.726 170.9 
ZnW  0.56 3.3 590.4 1090.6 
ZnW high T 0.53 2.5 451.7 1090.8 
ZnW low C 5.60 542.8 885.2 1091.4 
FeAl initial 0.717 2.7 8.009 21 
FeAl   1.14 8.8 91.1 374.1  
FeAl high T 1.926 18.3 87.1 373.1 
FeAl low C 0.66 2.0 34.2 504 
 
The effect of temperature and concentration on the size of the particles produced in each of the reactions is 
varied, and will depend on the precipitation mechanism involved for the given compound.  
 
Further Work 
An elemental analysis of each compound will be required before a full mass balance can be calculated to 
determine the full efficiency of each chemical process. A further picture of the effect of temperature of 
particle size and filtration effectiveness could be achieved by performing further experiments to investigate 
mid points in concentration (e.g. 0.5 mol/dm
3
) and temperature (e.g. 50 
o
C), although due to time 
constraints it was not possible to carry out these investigations at this time.  
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Appendix 5 – Rheometric Interactions of AlW, SnW and ZnW with PA66. 
 
Melt Flow Index 
The rheometric effects of AlW, SnW and ZnW were investigated in PA66 initially at the University of Bolton 
using melt flow index (MFI). This arose after attempting to compound AlW into PA66 at 7.5 wt% but 
encountering difficulties in the processing of the sample due to reduction in the melt-viscosity of the 
polymer compared with pure PA66. The MFI experiments were conducted using a Davenport MFI apparatus 
at 280 
o
C with a 2.16 kg weight. The results observed for pure PA66 and the AlW, SnW and ZnW 
compositions (all FRCs at 5 wt%) are included in the table below. 
 
Melt flow indices of PA66 compositions: 
Sample MFI (g/10 min) Relative Viscosity 
PA66 19.56 1.00 
AlW (5 wt%) 30.75 0.64 
SnW (5 wt%) 61.32 0.32 
ZnW (5 wt%) 26.91 0.73 
 
Further to this, the same four samples were kindly analysed by the group of Dr. Jenny Alongi (Torino, Italy), 
using a wider range of plate-plate rheometric and DSC measurements, to give a greater insight into the 
effect of the three compounds on the molten state of PA66. These results are summarised below. 
 
Methods 
1. Material vacuum drying 
 12 h @ 105°C 
 Sample preparation for rheological tests (disk - diameter: 25 mm, thickness: 1 mm) 
 pressure moulding – 5 min @ 270°C and 100 bar  
3.  Pre-rheological test treatment of disks  
 vacuum drying – 12 h @ 105°C 
4. Rheological tests 
 ARES (TA Instruments), plate-plate configuration, inert atmosphere (N2) 
 
Rheological Tests 
1. Strain Sweep Test: to determine the linear viscoelastic region 
2. Time Sweep Test: to analyze the stability of samples in time  
3. Frequency Sweep Test: to study the viscoelastic properties 
 
Test conditions:  
 Temperature: 280 
o
C 
 w (rad/s): 1 (Frequency sweep: 1-100) 
 Oven gas: N2 
 Strain Sweep: ϒ (%): 0.1-30, Time (s) : 500 
 Time Sweep: ϒ (%): 10, Time (s) : 3600 
 Frequency Sweep: ϒ (%): 20, Time (s): 450 
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Results 
Strain Sweep 
 
 
Frequency and Time Sweep tests @ strain level < critical strain  all measurements are in linear conditions 
 
Time and Frequency Sweep 
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Time Sweep 
   
 
1. PA66 and PA66+Al are not stable  (steady state is not reached) 
2. Sn and Zn make the polymer stable (but steady state @ t>2500 s) 
3. All fillers act as lubricant from t>1500 s  complex viscosity of composites < complex viscosity of 
pure polymer 
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1. G’’>G’  typical behaviour of entangled polymer in terminal zone 
2. G’(filled materials) > G’(pure polymer)  increase in elasticity because of presence of filler 
3. PA66: newtonian plateau (and shear thinning @ high frequencies) 
4. Lubricant effect of Zn, while Sn reinforces the system 
5. Complex viscosity of Al composite  > complex viscosity of pure polymer @ low frequencies  
 
Frequency Sweep 3 (900 s) 
 
 
 
1. G’’>G’  typical behaviour of entangled polymer in terminal zone 
2. Stronger lubricant effect of Zn on matrix  
3. Effect of Al on complex viscosity negligible 
 
DSC 
1.  1st Heating (25 to 300°C @10°C/min) (Blue) 
2.  Cooling (300 to 25°C @10°C/min) (Red) 
3.  2nd Heating (25 to 300°C @10°C/min) (Green) 
 
  1st cycle (heating) 2d cycle (cooling) 3th cycle (heating) 
Code T
m
 - H
m
 
°C - J/g 
T
w
 - H
w
 
°C - J/g 
T
c
 
°C 
T
m1
 
°C 
T
m2
 
°C 
H
m
 
J/g 
PA66 264 - 76.8 125 - 3.9 235 254 263 63.6 
PA66+Al 263 - 70.3 125 - 1.9 231 254 262 59.9 
PA66+Sn 263 - 75.0 124 - 2.8 229 253 262 60.4 
PA66+Zn 264 - 69.8 123 - 2.2 230 251 261 62.3 
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 Partial degradation observed for all samples. 
 
Conclusions 
With respect to the plate-plate rheometry, a number of conclusions can be drawn: 
 With respect to the time-sweep tests, PA66 and PA66-AlW are unstable with respect to viscosity 
over time, the value increasing by an order of magnitude (300  3000 Pas) over the course of an 
hour. This is likely the result of the well-documented gelation of PA66 due to cross-linking. PA66-
SnW and PA66-ZnW reach equilibrium after 40 minutes. All three compounds act as lubricants 
beyond 30 minutes.  
 With respect to the frequency sweep tests, an increase in elasticity is observed due to the 
presence of the FRCs. Pure PA66 displays semi-Newtonian behaviour for a portion of the frequency 
sweep and shear thinning at higher frequencies. ZnW displays a lubricant effect on PA66 while 
SnW reinforces the composite, AlW doing the same at lower frequencies. These effects are 
reinforced as the samples are aged, though the effect AlW displays is diminished. 
 DSC analysis shows the FRCs have little effect on the melting temperatures, enthalpies or 
crystallinity of PA66, though some changes in the melting behaviour are observed for all samples 
during the second heating cycle.  
 
 
 
 
  
PA66 PA66+Al 
PA66+Sn PA66+Zn 
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Appendix 6 – Studies of the Interactions of Tungstate FRCs with PA66, AlPi and AlPi/MPP by EPR 
 
A study was undertaken using the EPSRC national EPR service at the University of Manchester (courtesy of 
Prof. David Collison) to determine the erroneous interactions encountered in Chapter 7 between several of 
the FRCs (ZnMo and ZnW notably) with phosphorus flame retardants (AlPi and more notably AlPi/MPP). In 
several of these samples, a colour change was observed either during the compounding stage of sample 
preparation, or during the pressing of sample plaques, resulting in the samples turning blue, or in the case 
of one SnW combination, green. This can possibly be explained on a chemical level by the reaction of 
tungsten or molybdenum present in ZnW or ZnMo especially with phosphorus oxyacids from AlPi/MPP, or 
AlPI, resulting in the formation of phosphotungstate (or phosphomolybdate), which are readily reduced 
from a colourless state to a vivid blue colour as a result of reduction of W
VI
 to W
V
 in the polyoxymetallate 
ions. The presence of these reduced forms is detectable by EPR spectroscopy.  
 
Please note the discussions below are taken from the interpretation of the collected spectra (see end) by 
Prof. Collision and discussions with the author. 
 
FRCs 
The four individual FRCs (AlW, SnW, ZnW and ZnMo) were analysed as powders.  
 
SnW 
SnW, as produced, is a vivid yellow colour, unlike the other three compounds tested. There are a number of 
plausible explanations for this, upon which EPR spectroscopy can shed some light. A peak is observed at 
3500 G which corresponds to a half-filled W
V
 5d
1
 orbital configuration, suggesting that some charge transfer 
occurs between Sn and W in this compound. When acidified in aqueous suspension, the powder turns blue, 
further suggesting that charge transfers occur between Sn and W.  
 
ZnMo 
Similarly to SnW, ZnMo displays an EPR band at 3520 G, possibly indicating a similar chemical state of Mo 
(V) for some of the molybdenum present in this compound, although the powder itself is white, rather than 
the blue that would be expected for the reduced form. This could be attributed to the greater tendency of 
Mo to accept electrons than W. The intensity of the EPR peak is a factor of two less than that for SnW.  
 
ZnW 
In contrast to SnW and ZnMo, ZnW displayed a broad, high intensity EPR band centred upon 3150 G. When 
calculating the g value for this peak, the result is greater than that for a free electron, eluding explanation. 
 
AlW 
AlW does not display peaks similar to any of the other FRC powders tested. An EPR band at 1610 G 
corresponds to the presence of a small amount of high-spin Fe
3+
, explicable by trace contamination of the 
aluminium nitrate used in the synthesis of the material. A multiplet peak at 3330 G corresponds to trace 
Cu
2+
 contamination. Both peaks are of low relative intensity, and as such are trace contaminants.  
 
FRCs with PA66 
Three FRCs (AlW, SnW and ZnW) were analysed when compounded into PA66 (5 wt%). These were tested 
as polymer chips produced from the extruder. 
 
PA66/AlW 
In similarity to ZnW powder, PA66/AlW displays a broad, intense peak centred on 3120 G. This again, is 
greater than the g value for a free electron, eluding explanation.  
 
PA66/SnW 
This sample provided no EPR returns.  
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PA66/ZnW 
This sample displays the observed peak at 3150 G which eluded explanation, although an additional band at 
2700 G could correspond to Fe
3+
, perhaps from the steel extruder, although the intensity of this reading is 
low relative to the previously observed, unexplained band for the pure powder. 
 
FRCs with PFRs and PA66 
In combination with AlPi and AlPi/MPP, ZnW and ZnMo particularly displayed a tendency during processing 
to turn blue, as described above. These samples were analysed in the same way as the PA66/FRC 
composites above. 
 
PA66/ZnW/AlPi and PA66/ZnW/AlPi/MPP 
These samples show a range of bands between 3350 and 3640 G. This corresponds to reduced W
V
, although 
the exact chemical state is anisotropic, though for the latter sample, the peaks are less resolved. 
 
PA66/ZnMo/AlPi/MPP 
This sample displays bands similar to ZnMo powder but the peaks are broader, suggesting a less anisotropic 
environment for Mo.  
 
PA66/SnW/MPP 
This sample was slightly green in colour, with several EPR bands present although these were of low 
intensity relative to the background, making accurate interpretation of the results impossible.  
 
Conclusions 
The observations noted above seem to confirm the explanation of the interactions of various tungstate (and 
molybdate) FRCs with PA66 and PFRs: formation of polyoxymetallates and reduction of these to the 
detriment of the polymer. The spectra collected are included below. 
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Appendix 7 – TGA-FTIR Evolution Data 
Blue = CO2 Red = NH3 Green = CyP 
X Axis =  Temperature, Y Axis = Evolution Intensity, Area Under Curve = Amount Produced 
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BrPBz (Air)     BrPBz (N2) 
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AlPi (Air)     AlPi (N2) 
 
 
AlPi/MPP (Air)     AlPi/MPP (N2) 
 
 
AlW (Air)     AlW (N2) 
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SnW (Air)     SnW (N2) 
 
 
ZnW (Air)     ZnW (N2) 
 
 
SnW/BrPS (Air)     SnW/BrPS (N2) 
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ZnW/BrPS (Air)     ZnW/BrPS (N2) 
 
 
SnW/BrPBz (Air)     SnW/BrPBz (N2) 
 
 
ZnW/BrPBz (Air)     ZnW/BrPBz (N2) 
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AlW/AlPi (Air)     AlW/AlPi (N2) 
 
 
SnW/AlPi (Air)     SnW/AlPi (N2) 
 
 
AlW/AlPi/MPP (Air)    AlW/AlPi/MPP (N2) 
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SnW/AlPi/MPP (Air)    SnW/AlPi/MPP (N2) 
 
 
FTIR Char Analysis 
AlW, AlW/AlPi and AlW/AlPi/MPP   SnW, SnW/AlPi and SnW/AlPi/MPP 
 
 
SnW, SnW/BrPS and SnW/BrPBz   ZnW, ZnW/BrPS and ZnW/BrPBz 
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TGA-FTIR Gas Evolution 
PA66/BrPBz (under N2) 
 
 
Note the peaks for CyP (2933 cm
-1
), CO2 (2357 cm
-1
) and NH3 (968 cm
-1
). Note the lack of CO (doublet at 
2100 and 2200 cm
-1
) and HBr (P and R at 2500 and 2600 cm
-1
) detections, as per the reference spectra 
below. This absence was common for all samples, similarly, no PO acids were detected from AlPi and 
AlPi/MPP samples. This could be attributed to the short (c.a. 20 cm) path length of the FTIR cell, and/or 
reaction with the heated metal gas line connecting the TGA output to the FTIR cell. 
 
     
 
